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SL1t;MARY 
A higt,-'ip-speed, 1%-pressure-rat io t ransonic  fan stage w i  thvut  i n l e t  guide 
vanes w=c deL,S;,ed and tested t o  510 percent o f  design speed t o  determine o v t r a l l ,  
b lsde element, and mechanical pertormance w i t h  uni form i r l e t  f low, - - d i a l l y  d i s -  
t o r t e d  i n l e t  flow, and c i r c u m f e r e n t i a l l y  d i s t o r t e d  i r l e t  f l o w .  The uc * 3 n  r o t o r  
r e l a t i v e  Mach numbers were 5UpeiSoniC over 85 percent o f  the span a t  the i n l e t  
and 30 percent of the span a t  the e x i t .  To achieve t h ' s  cond i t ion ,  the 1-ctor 
was designed t o  accommodate wzak cL i iqge stiochs i n  the t i p  reg ion o f  the blddes. 
The s t a t o r  design was convent iocdl iy  subsonic w i t h  the primary r o l e  o f  t u r n i n g  
the f low t o  a x i a l  and was con",,red w i t h  double-c i rcu lar -arc  a i l - f o i  I s .  The 
stage was d ;gned f o r  a spec ic ic  f low ( f l o w  per u n i t  df annulus area) o f  42 I b /  
sec- f t2  (205.1 kgm/sec-m2) t o  d e l i v e r  a pressure r a t i o  O F  1.5 a t  an e f f i c i e r c y  
c f  86 percent dnc! an equiva lent  t i p  speed of 1600 f t / s e c  (488.6 m/'sec). 
A l l  t e s t i n g  was pcrformed w i t h  the s t a t o r  closea 3 deg ironl I ? S  nominal 
s e t t i n 5  (Sreater stagger angle),  which s l i q h t l y  improved s t a l l  mzrsip and e f t - i -  
ciency over the values obtained from o ther  s e t t i n g s  tested a t  design s p e d  W i t i ,  
u n i f a n  i n l e t  f low a t  design speed and pressure r a t i o ,  the stsgc: e f t i c i e c c w  w a s  
81 percent, s p e c i f i c  f low wa5 4 percent g rea ter  than design, and s t a l l  n1argI I 
was 24 percent. The peak e f f i c i e n c y  obtained a t  desigi l  speed was 84 perce, i t ,  
which corresponded t o  a pressure r a t i o  of  1 .67 ,  103 percerit o+ dLsign eqL,balent 
f low, and a s t a l l  margin o f  10.5 percent. The desig, l e v e l  o f  staqe e i f i c ; e n c y  
was achieved a t  the design s p e c i f i c  f low, bu t  i , .  35 percent o f  desigp spe2d and 
a t  a pressure r a t i o  o f  1.6. Rotor-only e f C i c i e n c y  exceeded design goals, both 
a t  design speed ana design flow rates,  but a t  prc;sure r a t i o s  h ,]be: than dc,ign. 
The leve l  o f  peek e f f i c i e n c y  decayed ra ther  un i fo rmly  as speed ,vas ir,crea:,ed t o  
93 pelcent o f  design speed, then abrupt ly  increased by 3 po i l i t s  :./hen speed w a q  
inc;l-eabed t o  95 percent o f  design speed i n d i c a t i n g  the  t r a n s i t i o n  between t i l e  
"linst;rted" and "started" modes. These r e s u l t s ,  thererore,  substanri a t e  t t 8 =  
quasi -three-dimensional character i  s t i c  procedure used i n  the design. 
S:iock pa t te rns  rlere not  easi l y  d i  scernc;ble from the s t a t i c  pres-u:c: conteur 
p l o t s  der ived froti, high-frequency-response inst rumentat ion cver the rato i -  b lzde 
t i p s .  T i p  ledkage v o r t i c e s ,  w a l l  boundary layers,  and the designed wcdkness ot 
t h t  t i p  shock system, a i l  in fe r red  from the p l o t s ,  complicate the i s o l a t i o n  o f  
shock f r o n t s .  Holograms taken u t i  I ; 7 i  ng t h i s  fail stage u7der separate NASA 
Contract NAS 3-15336,  however, showeo shock pa t te rns  thraughout t h e  e n t i  re odter  
span o f  the blading. The shock system f o r  the 150 percent design speed copdi t i o n  
shoi.;d foul- major shock waves; ( 1 )  a leading edge shock. ( 2 )  a midspan damper 
shock, ( 3 )  a second damper shoc:., and (4) a t r a i l i n g  cdge shock. The o r i g i n a l  
design considered o n l y  the leading and t r a i  l i n g  edge shocks. 
The s t a l l  l i m i t  l i n e  t,b.js iiliprovad w i t h  hub-radial  d i s t o r t i o n ,  but ,vas 
reduced when the stage was tested rJith c i r c u m f e r e n t i a l  and t i p - r a d i a l  f iw  
d i s i Q r t i o n s .  Stage peak e f f i c i e n c y  l e v e l s  were decreased w i t h  a1 1 d i s t o r t i o n s  
tested. Over-atteauatiorl  resul ted when the stage was subjected t c  hub r a d i a l  
d i s t o r t i o q ;  however, a n i o l i f i c a t i o n  was obtained w i + b  t ! p  r a d i a l  d i s t o r t i o n .  
W i L c  c i rcumferent ia l  d i s t o r t i c n ,  ampli f i c i t i o n  occurred i n  the hcb reg ion and 
a t tenuat ioc  occurrcd i n  thc mid passage and t i p  region. 
1 
I NTRODUCT I ON 
A lowloading,  high-tip-speed transonic fan stage was designed, f a b r i  ated, 
and tested. A fan stage o f  t h i s  type would allow .he d r i v e  tu rb ine  t o  operate 
at  a higher ro ta t i ona l  speed than would be su i tab le  f o r  fans having higher 
loading character is t ics .  Accordingly, tu rb ine  e f f i c i e n c y  would be improved or 
the number of stages could be reduced, resu l t i ng  i n  an engine having Setter 
performance and/or less weight and volume. The ro to r  design ob jec t i ve  was, 
therefore, t o  de l i ve r  good e f f i c i e n c y  a t  low work input  by e l im ina t ion  o f  
strong shock losses and shock-inducted separation i n  the high-Mach-number t i p  
region. 
The r o t o r  design, as reported herein, i s  ac tua l l y  a redesign o f  the r o t o r  
described i n  re f .  1 and a lso  reported upon i n  refs. 2 and 3 .  The midspan 
dampers of the o r i g i n a l  design f a i l e d  i n  i n i t i a l  t e s t i n g  t o  110 percent o f  
design speed possibly as a resu l t  of  c lass i ca l  blade f l u t t e r .  
performance resu l t i ng  from th is  t e s t  was encouraging, and on ly  minimal modif ica- 
t ions  were considered t o  be necessary to re l i eve  the s t ruc tu ra l  problem Mhi le  
re ta i  n i  ng the o r i  gi nal aerodynami c features. Dampers w i  t h  increased thickness 
and revised contact surfaces and a l te red  thickness d i s t r i b u t i o n  cf the b lad ing 
immediately adjacent t o  the  dampers were incorporated i n t o  a redesign, here in  
re fer red t o  as "the design." 
immediately adjacent to the midspan damper t c  provide a less marginal f l u t t e r  
parameter. 
stress by increasing thickness and removing the notches t o  make the i n te r l ock  
a s ing le  plane and (2) reduce the steady-state loading by changing the contact 
angle. T h i s  ro to r  fol lowed the same dssign procedures a; ou t l i ned  In re f .  1. 
The s ta to r  vanes from the i n i t i a l  t e s t  w r e  not damaged a l d  were retained. 
Design speed 
The blade thickness d i s t r i b u t i o n  was a l te red  
The midspan danper was redesigned to (1) reduce the v ib ra to ry  
Aerodynamic and mechanical design resu l t s  f o r  the ro to r  are presented i n  
Appendix A. 
character is t ics .  This report a lso presents the experimental data obtained 
from uniform and d i s to r ted  i n l e t  f lows and compares these data t o  the design 
values. 
performance parameter de f i n i t i ons  used i n  t h i s  repor t  are presented i n  
Appendix B. 
The s ta to r  was var ied t o  a r r i v e  a t  the best stage operating 
Tabulations o f  these data are presented i n  ref. 4. Symbols and 
Holograms o f  the ro to r  f l ow  f i e l d  were made under Contract NAS 3-15336. 
The resu l ts  o f  t h i s  holographic study are reported i n  re f .  5. 
2 
APPARATUS AND PROCEOURES 
Test F a c i l i t y  
The fan stage was tested i n  the sea leve l  coq resso r  t e s t  c e ? l  shown i n  
f i g .  1 .  A single-stage, rad ia l - in f low tu rb ine  dr iven  by heated f a c i l i t y  a i r  
provides power to the fan through a 1-477-to-1 gearbox. F i l t e r e d  a i r  enters 
the fan through a ca l i b ra ted  bellmouth, which a lso  serves t o  check t o t a l  f low 
measurement. An openmesh. conica l  screen shrouds the bel l m u t h  for p rc tec t i on  
ag3inst damage by fore ign objects. The a i r f l o w  e x i t i n g  the  fan i s  d i f f used  
and exhausted to a doub1ewaIled plenum and then t o  two separate discharge 
ducts: one o f  35-38 in. (89.85 un) i ns ide  diameter and one of 23.50 in. 
(59.69 a) ins ide Ciameter. mese Iarge-diameter discharge ducts were netes- 
saty t o  minimize system pressure losses and thereby extend the  range of per- 
fomnance mapping. 
pressure cont ro l  and an ASH€+ square-edge o r i f i c e  p l a t e  f o r  primary f l o w  
measurement. 
Each discharge duct contains a b u t t e r f l y  va lve for back- 
D i s t o r t i o n  tes ts  were accomplished by ser ies s tack ing screens of various 
po ros i t i es  attached t o  a support g r i d  w i t h  2 in. (5.08 an) square openings. 
This suppcrt g r i d  i s  capable of  r o t a t i n g  through 360 deg i n  5 min for 
c i rcumferent ia l  d i s t o r t i o n  test ing. The support g r i d  was not ro ta ted  dur ing 
r a d i a l  d i s t o r t i o n  t e s t i n g  and was removed d u r i r  uniform i n l e t  flow test ing. 
Fig. 2 shows the  hub-radial, t i p - rad ia l ,  and c i rcumferent ia l  d i s t o r t i o n  
screens mc i i t ed  to the  support grid. 
Stage Conf iguro t  ion 
The t e s t  conf igurat ion,  shown i n  f i g .  3 ,  consis ts  o f  an ax ia i - f l ow  fan w i t h  
a single-exit-row, continuous-span s t a t o r  and no i n l e t  guide vanes. A de ta i l ed  
descr ip t ion  o f  the stage appears i n  the design repor t  ( re f .  1). A redesigned 
r o t o r  blade was necessitated by rnidspan damper f a i l u r e  tha t  occurred on the  
o r i g i n a l  design dur ing i n i t i a l  t e s t i n g  a t  110 percect of design speed. The 
aerodynamic and mechanical deta i  Is of t h i  s redesigo appear i n  Appendix A of 
t h i s  report.  
The stage was designed to de l i ve r  a t o t a l  F.;S,ure r a t i o  o f  1.5 w i t h  an 
adiabat ic  e f f i c i e n c y  o f  86 percent a t  an ::let s p e c i f i c  f low ( f low per u i i t  
annulus area) o f  42 1 b/sec-ft2 (205.1 kgm/sec-2). The r o t o r  was designed to 
operate a t  a t i p  speed of 1600 ft /sec (488.6 rn/sec) t o  accomplish these objec- 
t ives. To s a t i s f y  the range of t es t  requirements, however, the  ro to r  was 
mechanically designed t o  operate a t  110 percent of the design speed o r  a t  a 
r o t o r  t i p  speed of 1760 f t /sec (537.2 m/sec). 
*American Society af  Hechanica! Engineers. 
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The ro to r  contained 60 blades o f  2.64 aspect r a t i o  w i th  midspan dmpers 
2esign r e l a t i v e  flach numbers were supersonic over 85 
located a t  30 percent of  the span from the t i p .  The ro to r  i n l e t  hub- to- t ip  
radius r a t I o  was 0.46. 
percent o f  span a t  the i n l e t  and 30 percent cf span a t  the e x i t  o f  the r o a r .  
Nominal runnicg t i p  ccearance a t  design speed was 0.045 in. (0.114 on) and 
0.035 in. (0.089 cm) a t  110 percent o f  desigr. speed. Two views o f  the r o t o r  
biade are shown ir. f ig .  4, and the bladed d isc  assembly i s  shown i n  f i o .  5 .  
The s ta to r  consisted o f  45 vanes af 3-10 aspect ra t i o .  The vanes ccula be 
remotely con t ro l l ed  t o  ro ta te  about t h e i r  centers of  g rav i t y  an the span-wise 
stacking l i n e  such as t o  vary the stagger angle by 510 deg from the design 
sett ing.  Double-circular-arc a i r f o i  I sectioDs were chosen f o r  the design. A t  
the design po in t ,  the maximum i n l e t  Hac5 nunkr occurs a t  the hub and was on ly  
0.8;l w i t h  a corresponding d i f f u s i o n  fac to r  o f  0.43. 
edge was located a x i a l l y  1.42 in. (3.61 an) downstream o f  the r o t o r  hub t r a i l i n g  
edct. A l l  performance t e s t i n g  was accomplished w i t h  the s t a t o r  closed 3 deg 
from the as-designed s e t t i n g  ( increas ing the stagger angle.) 
The s ta to r  vane leading 
!nstrumentation 
Aerodynamic instrumentation.--Aerodynmic e v a l u a t i m  of the ove ra l l  stage 
performance, ro to r  performance, blade element, and vane element d i t a  of the 
transonic fan stage required h igh l y  accurate sensing elements and u t i l i z e d  a 
computer-controlled data acqu is i t i on  system. Accordingly, the types atid designs 
o f  f i xed  sensing elements were c a r e f u l l y  selected t o  provide the necessary accu- 
racy, and the proper locat ions and d i s t r i b u t i o n  o f  a l l  f i xed  instrumentat ion 
were determined to  minimize blockage ef fects .  Three categories o f  aerodynamic 
instrumentation e r e  needed t o  provide three basic sets o f  data: (1) f i x e d  
instrumentation fo r  evaluat ing ove ra l l  stage performance, ( 2 )  traverses fo r  
determining r o t o r  and s ta to r  element performance, and (3)  high-response 
pressure transducers and s t a i  1 sensors f o r  evaluat ing t rans ien t  and dynm.ic 
characteris:ics. A schematic o f  the tes t  stage i d e n t i f y i n g  the designated 
instrumentation s t a t i m s  and t h e i r  corresponding a i a l  locat ions i s  s h o w  i n  
f ig .  6. A sumnary of the instrumentat ion s t a t i o n  designations i s  shown beiow, 
and a schematic i nd i ca t i ng  the type o f  instrumentat ion and c i rcumferent ia l  
locat ion of  each s ta t i on  appears i n  f i g .  7. Fig. 8 show the f u l l y  instrumented 
tes t  stage. 
- Stat ion number Locat ion 
0 I n l e t  bellmouth screen 
1 Bellmouth instrumentzt ion plane 
2 D i s t c r t i o n  screen plane 
3, 4, 4.3, 4.6 I n l e t  duct i n s t r w e n t a t  ion 
5 Amor i n l e t  instrumentation plane 
4 
5.5 Rotor i n l e t  traverse plane 
6 Rotor leading edge 
7 Rotor casing instrunentat  ion 
8 Rotor t r a i l i n g  edge 
9 Rotor e x i t  t raverse plane 
10 Stator  leaditkg edge 
11 Stator t r a i l  ing edge 
12 Stage e x i t  instrumentation plane 
13 Plenum i n l e t  plane 
14 Downstream tenperature mixing plane 
The primary a i r f l o w  measurement system consisted o f  ASME standard thin 
The o r i f i c e  sizes were chosen t o  provide the largest o r i f i c e - t o -  
Accordingly, an 18.p-in. (46.48-cm) o r i f i c e  was 
p la te ,  square edgcd o r i f i c e s  located dovmstrean i n  tm s t ra igh t  p ipe measuring 
sections. 
p ipe dianeter r a t i o  f o r  which accurate c o e f f i c i e n t s  are ava i lab le  i n  the ASME 
power t ? s t  code o f  re f .  6. 
used i n  the 23.50-in. (59.69-m) dianeter p ipe and a 27.13-in. (68.90-cm) 
o r i f i c e  was used i n  the 35.38-in. (89.85-cm) dianeter pipe. T w  d iamet r ica l l y  
opposed sets o f  f lange taps f o r  each o r i f i c e  were used. Each o r i f i c e  tempera- 
tu re  was measured by dual thermocouples located i n  accordance w i t h  ASME standards 
Transverse (cruciform) P i t o t - s t a t i c  rakes located i n  the ca l i b ra ted  bel lmouth 
sect ion ( s t a t i o n  1) provided a secondary check o f  the f l ow  measurement. S t a -  
t i o n  1 instrumentation contained 29 elements IoL-ced a t  centers o f  equal annular 
areas. The sum o f  the o r i f i c e  flows aqreed w i t h  tha t  obtained from the b e l l -  
mouth measurement t o  within ~ . 5  percen- 
Speed was monitored and compared w i th  tw, independent induc t ive ly  coupled 
monopole electromagnetic pickups and counters. Overal l  system accuracy was 
20.2 percent. 
The i n l e t  t o t a l  temperature was measured a t  s t a t i o n  0 by fourteen c h r m e l -  
constantan type E thermocouples o f  0.020-in. (0.051 -an) w i  r e  d i  meter .  
e x i t  t o t a l  temperatures ( f i g .  Ua) were measured by s i x  r a d i a l  rakes w i t h  shielded 
hi  gh-recovery thermocouples. 
ob ta in  readings evenly d i s t r i b u t e d  across the s ta to r  vane a t  0, 20, 40, 60, 80, 
and 100 percent gap. The seventh rake, which measured temperature a t  mid-gap, 
was located approximately 180 deg from the 40 and 60 percent gap thermocouples. 
These vane e x i t  thennocouples were chromel-constantan, Type E, using 0.010-in. 
(O.O25-m) wire  diameter. The thermocouple lead wires were ca l ib ra ted  fo r  each 
temperature element. I n  addi t ion,  stage downstream temperatures ( a f t e r  rad ia l  
and c i rcumferent ia l  mixing) were measured i n  each exhaust duct a t  s t a t i o n  14, 
which gave a check to the s ta t i on  12 measurements. 
Stator 
These rakes were c i  rcumferential l y  indexed t o  
A l l  thermocouples were 
5 
channeled through constant-temperature ovens f o r  reference. 
system performance and assure data v a l i d i t y ,  two standard temperatu.es ( the 
mel t ing point o f  i c e  and the b o i l i n g  point  of water) were monitored through 
each reference junct ion.  
w i t h i n  5 0 . P F  (?0.l0K) of the i  r standard. 
To check o v e r a l l  
These temperatures general l y  were mai n ta i  ned t o  
The i n l e t  t o t a l  pressure was measured by the bellmouth cruciform p i t o t -  
The s t a t i o n  5 rakes 
s t a t i c  rake dur ing uni form i n l e t  f l o w  t e s t i n g  and by two rad ia l  rakes located 
a t  s t a t i o n  5 dur ing c i rcumferent ia l  d i s t o r t i o n  test ing.  
were removed f o r  uniform i n l e t  f low test iqg.  The s t a t o r  e x i t  t o t a l  pressures 
were measured by 11-element wake rakes ( f i g .  9b) evenly d i s t r i b u t e d  circum- 
f e r e n t i a l l y  across the vane passage. Two wake rakes, 180 deg opposed, were 
used a t  each imnersion. Wall s t a t i c  pressure tap locat ions are shown i n  f i g .  7. 
A sctiematic o f  the s ta to r  channel s t a t i c  tap locat ions i s  shown i n  f i g .  10. 
Pneumatic switches u t i 1  i z i n g  one ca l ib ra ted  pressure transducer per 45 pressures 
were used for  most pressure measurements. To check system performance and 
assure data v a l i d i t y ,  tw reference pressures f o r  each transducer were supplied 
by dead weights a t  0 and 80 percent of transducer f b l l  scale and monitored t o  
maintain a recording accuracy o f  0.3 percent o f  f u l l  range. 
Radial rakes ( f i g .  l l a ) ,  located a t  s t a t i o n  10 and midway between s ta to r  
The rakes, separated by 180 deg, each had imnersions tha t  
gaps, contained high-frequency-response pressure transducers f o r  the detect ion 
o f  r o t a t i n g  s t a l l .  
corresponded t o  10, 47, and 90 percent o f  span. 
Three d i f fe ren t  types o f  wedge probes (shown i n  f igs.  l l b ,  l l c ,  and l l d )  
were used f o r  obta in ing blade and vane elemect data. Total  pressure, s t a t i c  
pressure, absolute a i r  angle, and temperatare were measured w i t h  60-de9 and 
30-deg wedge probes; s t a t i c  pressure and absolute a i r  angle a lso were measured 
w i t h  an 8-deg wedge probe. During uniform i n l e t  f low and rad ia l  d i s t o r t i o n  
test ing,  s ta t ions 5.5 and 9 each were equipped w i t h  one 60-deg wedge probe and 
one 8-de9 wedge probe, whi le  two 60-de9 wedge probes were located at  s t a t i o n  12. 
Dur ing c i rcumferent ia l  d i s t o r t i o n  test ing,  however, two 60-deg wedge probes 
and one 30-deg wedge probe were located a t  both s tat ions 5.5 and 9. 
probes were ca l ib ra ted  fo r  Mach number as a func t ion  o f  indicated s t a t i c - t o -  
t o t a l  pressure r a t i o .  Stator  angles, discharge valve set t ings,  and d i s t o r t i o n  
screen angular pos i t ions were v i s u a l l y  displayed and manually recorded by 
the data acqu is i t ion  system. 
Wedge 
Ten high-frequency-response pressure transducers were flush-mounted i n  two 
ax ia l  l i n e s  over the r o t o r  blade t i p .  As shown i n  f i g .  12, these transducers 
were located i n  two rows spanning one r o t o r  passage along w i t h  ten corresponding 
wal l  s t a t i c  pressure taps tha t  provided a reference level  fo r  each high-frequency- 
response transducer. 
assembly, provided a one-per-rotor-revolut ion pulse t o  locate a known blade 
passage and p o s i t i o n  r e l a t i v e  t o  the transducer posi t ions.  The transducers have 
a l i n e a r i t y  of  one percent and r i s e  time o f  less than t w o  microseconds. A shock 
tube c a l i b r a t i o n  o f  each transducer and a matching source fol lower was made 
and photographed p r i o r  t o  t e s t  t o  v e r i f y  pressure leve l  response. 
A prox imi ty  detector, sensing a ta rge t  on the f r o n t  shaf t  
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The n ine  immersions o f  f i x e d  instrumentation were defined by t h e  
i n te rsec t ion  o f  the a x i a l  s t a t i o n  and the design streamlines tha t  pass through 
5, 10, 15, 28.2, 47, 68.9, 85, 90, and 93.7 percent o f  the passage height 
measured from the t i p  a t  the r o t o r  t r a i l i n g  edge. 
A l l  aerodynamic data except those from high-frequency-response instrumenta- 
t i o n  wi re obtained i n  m i l l i v o l t s  by an automatic data acq t i ib i t ion  systew and 
recorded, i n  counts, on magnetic tape. The data acqu is i t ion  system used f o r  
recording f i x e d  instrumentation displayed a l l  measured parameters on a cathode 
ray tube i n  rea l  t ime a t  30-sec in terva ls .  The data acqu is i t i on  system used 
f o r  recording blade element data and s t a l l  t rans ien t  f l ow  data recorded i n  1-sec 
in terva ls .  
channel magnetic tape recorders. 
The high-frequency-response data were recorded on wide-band, m u l t i -  
Mechanical instrumentation. --Rotor blade v i  b ra t  ions were measured w i t h  
dynamic s t r a i n  gages located a t  four  d i f f e r e n t  pos i t ions  (establ ished from 
bench tes t ing)  on the blade and midspan damper and monitored through a s l  i p  
r ing.  Stator  vane v i b r a t i o n  was s i m i l a r l y  measured w i t h  s t r a i n  gages located 
i n  t w o  basic pos i t ions.  
Shaft dynamics and bearing mechanical condit ions were monitored w i th  accel- 
erometers located i n  the bearing housings on v e r t i c a l  and hor izonta l  planes. 
I n  addi t ion,  bearing housing temperatures were measured w i t h  chromel-alumel 
thermocouples. 
ups located on the f r o n t  frame i n  the v e r t i c a l  and hor izon ta l  pos i t ions.  
The s t ruc tu re  dynamic respmse was measured w i t h  ve loc i t y  p ick -  
Five capacitance-type ca l ib ra ted  clearanceometers were u t i l i z e d  t o  monitor 
ro to r  blade running t i p  clearances and untwis t .  Four clearanceometers spaced 
90 deg apart were located a t  the ro to r  leading edge, and the f i f t k  was placed 
a t  the t r a i l i n g  edge 3n a p ro jec t i on  o f  the t i p  chord l i n e  from one leading 
edge probe. 
Data f r o m  the mechanical instrumentation were monitored v i s u a l l y  on 
osci l loscopes and recorded on wide-band magnetic tape recorders. 
Test Procedure 
Shakedown test.--Shakedown tes ts  were conducted w i th  the f o l  lowing 
object  i ves . 
(1) Establ ish mechanical i n t e g r i t y  of the t e s t  vehicle. 
(2) Evaluate s t ress and v ib ra t i on  leve ls  throughout the required t e s t  
operating range. 
(3) Determine a s t a t o r  s e t t i n g  a t  design speed tha t  resu l t s  i n  minimal 
in f luence on ro to r  s t a l l .  
(4) Thoroughly check ou t  instrumentation and data reduction programs. 
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I n i t i a l l y ,  a mechanical check-out t o  on ly  60 percent o f  design speed was 
conducted for procedure and vehic le  f a m i l i a r i z a t i o n .  The t e s t  stage was f i t t e d  
w i t h  Plexiglas windows contoured t o  the outer shroud adjacent t o  the ro to r  t o  
check out the system required f o r  the f low v i s u a l i z a t i o n  program. (The windows 
were repiaced w i t h  metal plugs for the shakedown t e s t  and a l l  performance test i r ig.)  
The flow v i s u a l i z a t i o n  program was scheduled t o  be conducted fo l low ing  comp!etion 
o f  the uniform i n l e t  f low t e s t i n g  to make the most e f f i c i e n t  use of  ava i lab le  t e s t  
time. 
For the shakedown tes t ,  the fan stage was slowly accelerated to  design speed 
w i t h  wide-open discharge valves and the s t a t o r  stagger angle set  a t  the nominal 
(design) pos i t ion .  Rotor and s ta to r  v ib ra to ry  stresses, v i b r a t i o n  leve ls  on 
c r i t i c a l  components, and r o t o r  blade t i p  clearances were monitored and recorded 
during t h i s  accelerat ion.  A l l  stress and v i b r a t i o n  leve ls  were we l l  w i t h i n  
acceptable l i m i t s .  Data a t  two design speed points  (wide-open t h r o t t l e  and 
design pressure r a t  io)  f o r  o v e r a l l  and blade element performance were recorded 
t o  check instrumentation and data reduct ion programs. The stage was then s ta l led .  
The s ta l l -c rea ted  overspeed act ivated a f a c i l i t y  safety valve i n  the dr ive  
turbine, r e s u l t i n g  i n  a shutdown. Inspect ion a f t e r  shutdown revealed tha t  
three ro to r  5lades had sustained minor damage from fore ign objects. The damage 
was ceused by several pieces o f  braze mater ia l  tha t  had broken o f f  a t  the junc- 
t ions  o f  the pro tec t ive  screen on the bellmouth. The screen was repaired, the 
three damaged blades replaced, the ro to r  d i s c  reinstrumented, and the t e s t  
resumed. 
wherein the s ta to rs  were var ied +5 deg from t h e i r  nominal s e t t i n g  a t  design 
speed w i t h  f lows from wide-open t h r o t t l e  to near-stal l .  A 3-deg-closed s ta to r  
s e t t i n g  (increased stagger angle) was used f o r  a1 1 performance t e s t i n g  because 
i t  s l i g h t l y  improved s t a l l  margin and e f f i c i e n c y  over the values obtained from 
other se t t ings  tested at  design speed. 
Shakedown t e s t i n g  was conciudd w i t h  the s t a t o r  opt imizat ion t e s t ,  
Uniform i n l e t  f low test.--Thirty-one o v e r a l l  and blade element performance 
data points  were obtained w i t h  uniform i n l e t  flow a t  speeds o f  60, 70, 80, 90, 
95, 100, and 110 percent o f  design speed. 
70, 80, and 110 percent o f  design speed, wh i le  5 data points  were taken a t  the 
other speeds. S t a l l  f lows were obtained a t  a l l  speeds except a t  110 percent 
design speed. 
from the t e s t  program as a safety precaution t o  ensure successful completion 
o f  the f low v i s u a l i z a t i o n  program. Because s t a l l  occurred abrupt ly dur ing the 
shakedown t e s t  w i t h  nominal stators,  the design speed s t a l l  was deferred u n t i l  
j u s t  p r i o r  t o  d i s t o r t i o n  test ing.  Near s t a l l ,  on ly  o v e r a l l  performance data 
points  were taken a t  80 and 100 percent speed. 
the t ravers ing wedge probes were ret racted out of the f l o w  path as s t g l l  was 
approached. 
f o r  f i f t e e n  points:  
of design speed. 
sure contours. 
Four data po ints  were taken a t  60, 
d igh overspeed s t a l l  (110 percent o f  design speed) was deleted 
To maintai-  a measure o f  safety, 
two a t  80, three a t  90, and f i v e  each a t  95 and 100 percent 
These data were u t i l i z e d  f o r  developing blade t i p  s t a t i c  pres- 
High-frequency-response r o t o r  casing transducer data were record1 
Fol lowing completion of  t e s t i n g  w i t h  uni form i n l e t  f low and p r i o r  t o  d i s t o r -  
t i o n  test ing,  the fan stage was configured f o r  the f low v i s u a l i z a t i o n  program. 
This was accomplished by removal o f  the t ravers ing wedge probes and i n s t a l l a t i o n  
o f  contoured Plexiglas windows i n  the outer shroud. A l l  f i x e d  instrumentation 
was reta i ned. 
Dis tor ted  i n l e t  f l o w  tes t . - -Pr io r  to d i s t o r t i o n  tes t ing ,  the ro ta tab le  
d i s t o r t i o n  support g r i d  was i n s t a l l e d  17.2 in .  (43.7 cm) upctream of the ro to r  
leading edge; P lex ig las windows i n  the outer shroud were replaced w i t h  metal 
plugs; t ravers ing  wedge probes were re ins ta l l ed ;  and ro to r  i n l e t  tota! pressure 
r a d i a l  rakes were placed a t  s t a t i o n  5 .  Sixteen ove ra l l  performance data po in ts  
for the p red is to r t i on  basel ine conf igura t ion  were obtained a t  70, 90, and 100 
percent of design speed a t  f lows from wide-open t h r o t t l e  :3 s t a l l .  
ings a t  70, s i x  a t  90, and f i v e  a t  100 percent speed were taken. This pre- 
d i s t o r t i o n  conf igura t ion  was evalLated to es tab l i sh  basel ine data p r i o r  t o  
d i s t o r t i o n  tes t i ng  i n  the event t ha t  performance w i th  the d i s t o r t i o n  screen 
support g r i d  would be subs tan t i a l l y  d i f f e r e n t  than f o r  uniform i n l e t  f low. 
F ive read- 
Three layers o f  screens o f  open area r a t i o  0.585, 0.602, and 0.560 (varying 
from upstream t o  downstream) were attached to  the d i s t o r t i o n  support g r i d  t o  
create the hub-radTal, t i p - r a d i a l ,  and c i rcumferent ia l  d i s t o r t i o n  pat terns a t  
the r o t o r  i n l e t .  the rad ia l  d i s t o r t i o n  screens were sized t o  create a d i s t o r t i o n  
pa t te rn  extending over 40 percent of the annulus area a t  the ro to r  i n l e t  plane. 
The c i rcumferent ia l  d i s t o r t i o n  screen was sized t o  create a 90-degree continuous 
segment o f  low pressure area a t  the  r o t o r  i n l e t  plane. 
Overal l  performance and blade element performance or  f l o w  d i s t r i b u t i o n  data 
were taken a t  twelve readings f o r  hub-radial d i s to r t i on ,  eleven readings f o r  
t i p - rad ia l  distort ion,and twelve readF7gs fo r  c i rcumferent ia l  d i s to r t i on .  These 
data were obtained a t  speeds o f  70, 53, and 103 percent o f  design speed arid 
flows between wide-open t h r o t t l e  2nd s t a l l .  
design speed w i th  t i p  rad ia l  d i s t o r t i o n  t o  es tab l i sh  the d i s t o r t i o n  levo1 a t  
design flow. A t  design speed w i t h  hub-radial d i s t o r t i o n ,  a f a c i l i t y  s y s t e w  
induced i n s t a b i l i t y  was encountered p r i o r  to s t a l l  and was characterized by a 
low-frequency acoustic t e s t  c e l l  resonance. An ove ra l l  performance data po in t  
reading f o r  c i rcumferent ia l  d i s t o r t i o n  consisted o f  seven separate scans o f  data, 
wherein the d i s t o r t i o n  screen was indexed by 45 deg between scans (270 deg of 
t o t a l  movement) referenced t o  the screen center1 ine. Flow d i s t r i b u t i o n  data were 
recorded f o r  c i rcumferent ia l  d i s t o r t i o n  wh i le  continuously r o t a t i n g  the 
d i s t o r t i o n  screen through 360 deg. 
A data po in t  was taken a t  97 percent 
Rotor blade and s t a t o r  vane v ib ra t ions  were monitored f o r  a l l  test ing,  and 
s t ress leve ls  were wel l  w i t h i n  establ ished l im i t s .  Rotw t i p  high-frequency- 
response instrumentation was not recorded dur ing d i s t o r t i o n  test ing.  
Data Reduction Me,:iods 
Paw d i g i t i z e d  data f o r  determination cf  overa l l  and blade element per fo r -  
mance itere measured i n  m i l l i v o l t s ,  converted t o  counts, recorded on magnetic 
tape, a i d  t ransferred t o  p r i n ted  output i n  engineering u n i t s  corrected t o  
standard day conditions. 
s t ress a i d  v i b r a t i o n  levels, s t a l l  probe signals, t i p  clearanceometers, and 
ro to r  ca:ing high-response transducers were t rans fer red  to osc i l lograph traces 
for i nter,,retat ion. 
Analog data recorded on magnetic tape f o r  analys;s of  
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Overal I performance.--The two tot31 pressure elements corresponding to  the 
same s ta to r  gap p o s i t i o n  and r a d i a l  loca t ion  were a r i t h m e t i c a l l y  averaged and 
the resul tant  eleven values c i rcumferent ia l l y  mass averaged. 
f e r e n t i a l  s t a t i c  pressure, obtained by l i n e a r l y  in te rpo la t ing  an ar i thmet ic  
average of the wa l l  s t a t i c  pressures, was assumed. Stage e x i t  t o t a l  pressure 
was then calculated by r a d i a l l y  mass averaging the nine immersion c i rccmferent ia l  
mass werages. 
A constant circum- 
The c i rcumferent ia l ly  and r a d i a l l y  mass-averaged stage e x i t  t o t a l  tempera- 
tures were obtained i n  the same manner as that  used f o r  c a l c u l a t i n g  t o t a l  p r a -  
sures except f o r  the added i n t e r p o l a t i o n  required t o  s a t i s f y  a ore-to-one 
correspondence between the seven ava i lab le  temperature elements and the eleven 
pressure elements a t  the same immersicjn. 
For c i rcumferent ia l  d i s t o r t i o n  test ing,  seven separate data scans were 
recorded f o r  d i s t o r t i o n  screen pos i t ions indexed by 45 deg over a 270-deg seg- 
ment. An e i g h t h  scan was developed wherein the ind iv idual  element e x i t  pressures 
(both s t a t i c  and t o t a l )  and temperatures wcre se t  equal to the ar i thmet ic  average 
of t h e  previous seven scans. The stage e x i t  t o t a l  pressure and temperature were 
then circumferent ia l  l y  and r a d i a l l y  nass averaged as previously described f o r  
uniform and r e d i a l l y  d i s t o r t e d  i n l e t  f low test ing.  
I n l e t  t o t a l  pressure f o r  uniform i n l e t  f l o w  was set  equal t o  the ar i thmet ic  
average of the P i t o t - s t a t i c  elements dowvstreaw of the i n l e t  bellmouth. For 
r a d i a l l y  d i s t o r t e d  : - l e t  f low, an ar i thmet ic  average o f  r a d i a l l y  mass-flow 
averaged pressures from the two f l  ,d rakes a t  the r o t o r  i n l e t  was used as the 
i n l  e t  t o t a l  pressure. 
Circumferential d i s t o r t i o n  i n l e t  t o t a l  pressure was determined from the 
two f ixed rakes a t  the r o t o r  i n l e t  i n  the fo l lowing manner. Separation of both 
t o t a l  and s tat ;c  pressures was maintained wh i le  under the inf luence o f  the 
d i s t o r t i o n  screen (k45 deg from the screen center1 ine angular pos i t ion)  from 
that  instrumentation located i n  the remaining 270-deg undistorted region f o r  
each data scan. The ar i thmet ic  average of  these pressures taken over seven 
scans (seben d i f fe ren t  screen pos i t ions c o n s t i t u t i n g  a data po in t )  f o r  each 
immersion was then r a d i a l l y  mass-averaged separately f o r  both the  d i s t o r t e d  
(minimum pressure region) and undistorted (maximum pressure region) r o t o r  i n l e t  
segments. 
as the measure o r  index o f  the d is to r t ion . )  F i n a l l y ,  the i n l e t  t o t a l  pressclre was 
computed by c i rcurnferent ia l ly  weight ing the minimum pressure value over one-fourth 
the i n l e t  annulus and the maximum pressure value over the remaining three-fourths 
ot t h r  i n l e t  annulus. 
(These minimum and maximum rad ia l  l y  mass-averaged aressures were used 
Blade element performance.--Continuous t ravers ing wedge probes a t  the 
ro to r  i n l e t  plane, ro to r  e x i t  plane, and s ta to r  e x i t  plane were used t o  measure 
t o t a l  pressure, t o t a l  temperature, a i r  angle, and s t a t i c  pressure f o r  uniform 
and r a d i a l l y  d i s t o r t e d  i n l e t  f l o w  test ing.  Primary measurements o f  s t a t i c  
pressure were obtained w i t h  the 8-deg wedge probes, whi le  primary angle measure- 
ments Were obtained 4 t h  the 30-deg Mdge probes. Angle-only measurements 
obtained from wedge probes were used at  the s t a t o r  e x i t  plane f o r  evaluat ing 
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s t a t o r  vane element performance; the pressure and temperatLre data were 
taken from the c i rcumferent ia l  I y  mass-averaged values determined from the 
f i xed i ns t rumen t a t  i on. 
A l l  blade element parameters determined f o r  the blade and vane leading 
and t r a i l i n g  edge pos i t ions  were t ranslated from the measuring planes accounting 
f o r  con t inu i ty  and rad ia l  equi l ibr ium and assuming design streamline slopes. 
Rotor-only performance was based on the mass-averaged t o t a l  pressures as measured 
by the rad ia l  surveys and the f i x e d  temperature rakes at  the s ta to r  e x i t  plane. 
For near-s ta l l  data points,  f o r  which t raverse data were not  taken, the a r i t h -  
metic average o f  the peak values o f  c i rcumferent ia l  t o t a l  pressure a t  the same 
imnersion was used as the r o t o r  e x i t  rad ia l  pressure d i s t r i b u t i o n .  
Three f ixed-posi t ion (30-deg and 60-deg) wedge probes c a l l  brated f o r  Mach 
number a t  each o f  the r o t o r  i n l e t  and r o t o r  e x i t  planes were used to  measure 
f low d i s t r i b u t i o n  data a t  the measuring planes only  (not t ranslated t o  blade 
and vane leading and t r a i l i n g  edges) dur ing a continuous 360-deg r o t a t i o n  o f  
the d i s t o r t i o n  screen. 
rad ia l  pos i t ions were based on the ar i thmet ic  average of the stage e x i t  wake 
rake pressures as a funct ion o f  the p a r t i c u l a r  rake mean angular pos i t ion ,  loca l  
temperature, and a 1 inear in te rpo la t  ion o f  the local  i t e d  wal l  s t a t i c  pressures. 
Stator e x i t  vector diagrbm parameters a t  the selected 
fbtor casing s t a t i c  pressure contours.--Stat ic pressure contours over the 
r o t o r b l a d e  t i p s  were obtained by using continuously recorded var iab le  pressure 
data measured by ten high-fr-quency-response transducers d i s t r i b u t e d  ax ia l  l y  and 
by correspondingly located wal l  s t a t i c  pressure taps for measurements o f  the 
average s t a t i c  pressure !evel. The transducer data were recorded a t  120 in./sec 
(304.8 cm/sec) tape speed i n  the frequency modulation mode double extended. Also 
recorded and superimposed on these transducer s ignals were the one-per-revolution 
pulse f o r  accurate pos i t ion ing  o f  a known blade passage, a 10 000-Hz reference 
signal for  speed checks, and an Inter-range Instrumentation Group ( I R I G )  t ime 
code t o  provide a time reference. These recorded signals were reproduced a t  a 
tape speed of 1.875 in./sec (4.763 cm/sec) and inserted d i r e c t l y  i n t o  an o s c i l -  
lograph and traced a t  80 in./sec (203.2 cm/sec) paper speed. Each transducer 
t race was then referenced t o  the same po in t  i n  time ( ins tan t  o f  the one-per - 
revo lu t ion  pulse). A computer program then converted manual measurements taken 
from the osc i l lograph traces over a one-blade-passing per iod p lus the average 
pressure obtained from the wal l  s ta t !c  taps i n t o  isobar ic values o f  pressure 
between a blade passage. 
1 1  
RESULTS AND D I  SCUSSl ON 
$ha kedown Test s 
The shakedown t e s t s  were accomplished w i t h  un i form i n l e t  f low and 
establ ished t h a t  v i b r a t o r y  s t ress  l eve l s  f o r  the blades and vanes were w e l l  
w i t h i n  acceptable l i m i t s  over the requi red opera t ing  range. A s ta to r  s e t t i n g  
of 3-deg closed was selected as a r e s u l t  o f  s t a t o r  op t im iza t i on  t e s t s  and was 
used f o r  a1 1 f u r t h e r  tes t ing .  
F ig .  13 presents re levant  e f f i c i e n c y  and f l o w  data cbta ined dur ing s t a t o r  
op t im iza t ion  tes ts  rJherein the s t a t o r  s e t t i n g  was va r ied  between 5-deg open 
and 5-de9 closed a t  design speed f o r  two separate leve ls  o f  pressure r a t i o .  
The data s h w  t ha t  open (negat ive) s e t t i n g s  reduce e f f i c i e n c y  a t  both the 
design pressure r a t i o  and the pressure r a t i o  adjacent t o  s t a l l ,  w h i  l e  reducins 
f l o w  only a t  the n e a r - s t a l l  pressure r a t i o .  
however, shmed the opposi te t rend o f  increas ing e f f i c i e n c y  f o r  both the lower  
and h igher  pressure r a t i o s  and increased f l o w  a t  the n e a r - s t a l l  pressure r a t i o  
( I t  was f e l t  t ha t  a s i g n i f i c a n t  f l o w  ra te  reduct ion w i t h  increas ing pressure 
r a t i o  a t  design speed would r e s u l t  i n  reduced s ta l l -marg in  a t  p a r t  speed.) 
The closed (pos i t i ve )  s e t t i n g s ,  
The stagger s e t t i n g  a lsowas ' found t o  have a s i g n i f i c a n t  e f f e c t  on the s t a t o r  
vane v i b r a t i o n ,  b u t  the e f f e c t  on r o t J r  b lade v i b r a t i o n  was ne l i g i b l e .  The 
s t a t o r  vane s t ress  approached k30 k s i  (k206.8 x 106 N/m2) f o r  the 5-deg-open 
s e t t i n g  and decreased t o  *4 k s i  (227.57 3: 106 N/$) w i t h  v i b r a t i o n  leve ls  
becoming less random as the vanes were closed. The s t a t o r  vanes responded a t  
a p redminant  frequency o f  620 H t ,  dh ich ; s  the fundamental f l e x u r a l  na tu ra l  
frequency. 
was i n d i c a t i v e  o f  separated f l a w .  No r e y l a r  modulation was seen that  would 
have been i n d i c a t i v e  o f  r o t a t i n g  s i n !  I .  
measured r o t o r  b lade s t ress  d i d  not  exceed k 3  k s i  (220.68 x 10 2 N/m2). The 
The random character o f  the v i b r a t i o n  a t  the open s t a t o r  angles 
During shakedown tes t i ng ,  three r o t o r  blades sustained minor damage from 
foreign objects  (braze ma te r ia l  from the bellmorrth i n l e t  screen) and had t o  
be replaced p r i o r  t o  completion o f  the tes t .  
t o  the blade replacements i nd i ca ted  no change i n  performance. 
Check po in ts  o f  data taken p r i o r  
Uniform I n l e t  Flow 
Rotor and stage o v e r a l l  performance.--Overall performance o f  the r o t o r  and 
stage w i t h  the  3-deg-closed s t a t o r  s e t t i n g  i s  tabulated i n  t a b l e  1 and shown i n  
f i gs .  14 and 15. S t a l l  was approached gradua l ly  such t h a t  s t a l l  t r ans ien t  f l o w  
data ( l - sec  i n te rva l s )  was co r re la ted  w i t h  the slower resyondi ng o v e r a l l  p e r f o r -  
mance data (30-sec i n t e r v a l s )  t o  es tab l i sh  the  s t a l l - l i m i t  data po in t .  
1 2  
A t  design speed, the ro to r  achieved a peak e f f i c i e n c y  of  89.7 percent a t  a 
pressurc r a t i o  o f  1.724 and an equivalent f low 3 percent i n  excess o f  design. 
A pressure r a t i o  of 1.512 and e f f i c i e n c y  o f  88 percent were the design object ives 
fo r  the ro to t .  A t  design speed and pressure r a t i o ,  the r o t o r  e f f i c i e n c y  was 
85.4 percent, but the f low r a t e  was 4 Fercent greater than design. 
The peak stage e f f i c i e n c y  achieved at  design speed was 83.7 percent a t  a 
pressure r a t i o  o f  1.669, whereas the design i n t e n t  was 86.2 percent a t  a pres- 
sure r a t i o  o f  1.500. A t  t h i s  design pressure r a t i o  and speec.. an e f f i c iency  of  
81.2 percent, and a s t a l l  margin o f  24 percent were achieved. On the basis of 
a constant - throt t le  l i n e  passing through the design pressure r a t i o  at design 
speed, s t a l l  margifis of 23.2 percent a t  90 percent speed and 32.8 percent a t  
70 percent speed were obtained. 
The r o t o r  e f f i c i e n c y  exceeded 90 percent, and the stage met the design 
Although the ro to r  was capable o f  producing e f f i c i e n c y  
in tent ,  b u t  t h i s  occurred a t  95 percent o f  design speed and a pressure r a t i o  
higher than design. 
levels higher than design a t  design speed, the e f f i c i e n c y  loss across the s t a t o r  
was over twice the design predic t ion.  
The level  of peak e f f i c iency  decayed rather  uni formly from 6 t ~  percent t o  
90 percent of design speed, then abrupt ly  increased by 5.5 p r i n t s  for  the r o t o r  
and 3 po ints  for the stage when spead was increased t o  95 percent o f  design 
speed ind ica t ing  the t r a n s i t i o n  between the l+,mstartei'' and "started" operating 
modes. A t  90 percent o f  design speed, the wide-open-throttle, rotor-only e f f i -  
ciency was 88.5 percent for a pressure r a t i o  of  1.352 and then abrupt ly  decayed 
t o  85.8 percent f o r  a pressure r a t i o  o f  1.429 w i t h  on ly  a 1.3-percentage point  
reduction i n  flow. The remainder of the e f f i c iency  charac ter is t i c  was continu- 
ous t o  s t a l l .  (The stage e f f i c i e n c y  charac ter is t i c  d i d  not r e f l e c t  t h i s  abrupt 
change i n  ef f i c i  ency, however, because of compensati ng s t a t o r  losses. ) A thor-  
ough inves t iga t ion  of t h i s  rotor passage s t a r t i n g  development i s  de ta i led  i n  
ref .  5. A sumnary of t h i s  mater ia l  i s  included in  t h i s  report  together w i t h  
per t  inent holographic data. 
Minimal chta obtained on the o r i g i n a l  design p r i o r  t o  f a i l u r e  indicated 
a 2 percenL over-design f l o w  a t  design speed. 
design speed w i t h  the redesigned ro to r  resul ts  from a co&inat;on o f  two e f fec ts :  
The 4 percent over-design f low a t  
(1) The s t a r t  margin (defined i n  ref .  1) appl ied t o  t h i s  design was 
ove r-conserva t i ve. 
(2) The geometric throat  area f o r  the blading was 4 percent 
greater then f o r  the o r i g i n a l  design. 
A s t a r t  margin varying from 5 percent f o r  sect ion 1 t o  approximately 
2.5 percent for sect ion 8 was thought t o  be required t o  ensure passage s t a r t i n g  
a t  design speed for the o r i g i n a l  design and was retained fo r  the redesign. A 
review o f  these data coupled with the extensive study o f  r o t o r  passage s t a r t -  
i ng development indicated that  s t a r t i n g  occurred a t  wide-open t h r o t t l e  
and 90 percent of design speed, which corresponds t o  98.4 percent of design 
flow, or approximately 6 percent less f low than del ivered a t  design speed and 
a t  a considerably lower r e l a t i v e  Mach number than design. 
presented i n  ref. 1 ,  the design s t a r t  margin could have been reduced. 
Using the methods 
Although the aerodynamic th roa t  areas, i.e., s t a r t  margin, of th? o r i g i n a l  
design were incorporated i n  the  redesigned r o t o r  blading, the added s t ruc t t i ra l  
safety margins of the redesign, as re f lected i n  a x i a l  and tangent ia l  t i l t s  and 
pre tw is t  t o  counteract s t tady-state stresses, resul ted i n  a 4 percent larger 
throat  area fo r  the as-nufactured blade. 
measured) were less than predicted and c 1 lowan-e i s  made f c r  i ncreased blockage 
o f  a 70 percent t h i cke r  midspan damper on the .edesign, a flow 2 Percent higher 
than tha t  of the o r i g i n a l  design i s  reasonatle. 
a reduction i n  th roa t  area required t o  pass dbsign flow a t  design speed could 
resu l t  i n i nsuf f  i c i  ent s t a r t  margi n. 
I f  the  steady-state stresses (not 
I t  can therefore be seen that  
The r o t o r  blade was mechanically 5 f o r  a l l  ope-ating condit ions. A t  
lted and 110 aercent of design speed, 
This frequency was c iose to the  ca lcu lated 
the highest pressure r a t i o  o f  1.67 inve 
the ro to r  s t r a i n  gages ind icated the ma. . . I .  stress leve l  of 53 ks i  (20.69 x 
l o6  N/m2) a t  a frequency of  1270 Hz. 
f i r s L  t o rs iona l  na tura l  frequency, but does not correspond tc  an i n teg ra l  order 
o f  ro ta t i ona l  speed, qossibly i nd i ca t i ng  t h a t  the  blade was approaching a f l u t t e r  
condition, The a n a l y t i c a l l y  derived na tura l  frequencies were considerably higher 
than those measured a t  any operating condit ion, probably because of the var ia -  
t i o n  i n  f i x i t y  aS6umed a t  the midspan damper i n  the ca lcu lat ion.  
An osc i l lograph t race  from the high-frequency-response instrumentation 
used for  detect ing r o t a t i n g  s t a l l  i s  shown i n  f ig .  16 fo r  90 percent of desigli 
speed and i s  t yp i ca l  of  a l l  speeds. The s t a l l ,  although abrupt, i s  seen t o  
o r i g ina te  i n  the t i p  reg ion and then become E f u l l  span s t a l l ,  The s t a l l  pulse 
had a frequency of  recurrence o f  approximately 5.8 percent of ro to r  speed. The 
pressure amp1 i tude i s approximately 10.5 ps i  (7.24 N/crn2). 
Blade element data.--Rotor spanwise pressure r a t i o  and ef f ic ienc,  a t  the 
design speed and design stage pressure r a t i o  i s  compared t o  the design predic- 
t i o n  i n  f ig .  17. The pressure r a t i o  i s  s i g n i f i c a n t l y  highe, -han design i n  both 
the t i p  region and the area adjacent to 70 percent spati. The hub and region 
close t o  the midspan damper met design levels. 
less than design a t  the end wal ls ,  but was s i g n i f i c a n t l y  helow design a t  the 
damper. The three-dimensional shock pat terns seen i n  the hologram could account 
f o r  the h igh losses i n  the midspan damper region. 
The e f f i c i e n c y  was moderately 
Fig. 18 i s  the ro to r  spanwise d i s t r i b u t i o n  o f  t o t a l  loss c o e f f i c i e n t ,  
d i f f u s i o n  factor ,  dev ia t ion  angle, and suct ion surface incidence at the design 
speed and stage pressure r a t i o  compared t o  design predic t ions.  
d i s t r i b u t i o n  o f  t o t a l  loss coef'':ient p a r a l l e l s  the design i n t e n t  i f  the 
in tegrated loss associated w i t h  &ne midspan damper was equal ly  d i s t r i b u t e d  
r a d i a l l y  as pract iced i n  the design method of  re f .  1. The resu l tan t  loss would 
match the design leve ls  from mid-passage t o  85 percent span, d t  exceeds the 
design values i n  the t i p  and end-wall regions. Except f o r  these end-wall 
regions, the loss i s  greatest a t  rnid-passage, which substantiates the design 
The span-wise 
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assumptions of ref .  1. The d i f f u s i o n  factor  was s l i g h t l y  higher throughout tt,e 
span, w i t h  the largest d l  screpancy f rm clesi gn occbrr ing a t  &he hub (0.5 com- 
pared t o  0 . 3 ) .  
throughout most  o f  +he span, reaching alrn:>s': 5 deg a t  70 percent span and 
exceeding design . y  a t  the hub. S i x e  t h i s  data po int  was 4 percer,t over 
design flow, the suction surface incidence was less than design, varying from 
approximately 1 deg less a t  the t i p  tc over 6 deg less a t  the hub. 
The dev iat ion angle was zpproximstely 2 deg less than design 
The i n l e t  and e x i t  r e l a t i v e  Mach number spanwise d i s t r i b d t i o n s  & r e  compared 
to  the design values i n  f i g .  12. The i n l e t  r e l a t i v e  Mach number i s  i n  agreement 
w i t h  the design i n t s n t  even w i t h  the 4 percent over design f l o w  - -  t h i s  a f fec ts  
the i n l e t  r e l a t i v e  Fach number by only 0.6 percent. Tile e x i t  r e l a t i v e  Mach 
n u h e r  was less than predicted i n  the supersonic region, rhercb. b i n g  s o n i c  
ve loc i ty  s l i g h t l y  outboard o f  the desired midspan damper lcrcali 2 f .  1 ) .  
The s t a t o r  spanwise t o t a l  loss coef r i c icn t ,  d i f fus ion  fac to r .  debis t icn 
angle, and suct ion surface incidence are compared t o  the desicy values for  the 
design speed and stage pressure r a t i o  i n  f i g .  20. O f  note are the severe end- 
w a l l  losses at moderate d i f f u s i o n  factors and the s ign i f i cdn t t . f  h igher incident? 
near 30 percent span as influenced by the midspan damper. 
Fig. 2 . 1  compares the spanwise biaye element pressure r a t i o ,  'ernpercture 
r a t i o ,  and r e s u l t i n g  adiabat ic e f f i c i e n c y  a t  the design speed ana pressure r a t i o  
t o  the des i jn  intent.  
cent span and s a t i s f i e s  the design leve ls  f x  the remainder of tSe span. 
e f f i c i i n c i e s  o f  the end-wall and midspan damper regions ar below design 
p redi  c t  i <Ins. 
The temperature r a t i o  exceeds the design goal t o  40 per- 
The 
Blade clement performance at  nine rad ia l  pos i t ions i s  tabulated i n  r e f .  4, 
These data are presented i n  f i g s .  22a through 2 2 i  f o r  the rotor  and 23a through 
23i for the s ta to r  i n  terms o f  t o t a l  loss c o e f f i c i e n t ,  d i f f u s i o n  factor ,  and 
dev iat ion angle versus suct ion surface incidence angle. 
indicated ir the f igures.  I n  general, these data show s i m i l a r  trends t o  the 
spanwise des,.jn speed and pressure r a t i o  data previously presented. 
The design values are 
Rotor blade t i p  s t a t i c  pressure contours.--The ax ia l  d i s t r i b u t i o n  o f  steady- 
s t a t e  s t a t i c  pressures a. the design s p e e d y d  pressure r a t i o  fcr both the hub 
and shrsud i s  s t twn i n  f i g .  24 corqared to  the design i n t e n t .  Steady-state 
values o f  s t a t i c  pressure i n  the outer shroud ,der the ro to r  blade t i ps  letwe-n 
s tat ions 6 and 8 Shawn i n  the f igure  were coupled to hiyh-frequency-rxponse 
measurements to develop s tat ic -pressure crrntobrs w i t h i n  the rotor  blade passagcr. 
Figs. 25 and 26 show t y p i c a l  3'gh-frequency-response osci 1 lograph traces. 
f ig .  25, obtained a t  design +zed from wide-open t h r o t t l e  t o  near-s ta l l ,  i n j i -  
cates the change i n  amplitude response through the blade passage a: var;lirg 
back pressures. 
(streamline 1) passage conical  development i n  f i g .  A-4 of Appendix A. 
The design shock system i s  superimposed on the blade t i p  
The steady-state (time-averaged) a x i a l  d i s t r i b u t i o n  of s t a t i c  pressure 
along w i th  the contours developed from the osc i  1 lograph traces are shown i n  
f igs. 27 through 41 f o r  a range of operating condit ions a t  80, 90, 95, and 
100 percent o f  design speed. 
i ng  shock pat tern,  strength, and locat ion i s  complicated by soveral factors sbch 
as wa l l  boundary layers, t i p  leakagc vor t ices,  and, p r imar i l y ,  by the large- 
diameter sensing surface o f  the transducer r e l a t i v e  t o  the small dimensions to  
be resolved. A study G f  the f igures, f o r  example, reveals that  most o f  the 
s t a t i c  pressure contours are normal, ra ther  than p a r a l l e l ,  t o  the prci l ic ted 
shock d i rect ions.  Therefore, the contour p l o t s  should be viewed as a measure 
of qua l i t a t i ve ,  ra ther  than o f  quant i ta t i ve ,  value. 
I n te rp re ta t i on  of these contour. p lo t s  for  def in-  
Figs. 27 and 28 obtained a t  percent of  design speed show steep gradients 
i n  s t a t i c  pressure u p s t r c m  o f  the blade leading edge ind i ca t i ng  the presence of 
a strong bow shock. 
a t  t h i s  condi t ionand reported upon i n  ref .  5 whereiq a strong detached bow 
shock was observed a t  the  80 percent o f  design speed, m id - th ro t t l e  condition. 
When speed was increased to 86 percent o f  design speed, the bow shock detach- 
ment distance was reduced and a t  90 percent o f  design speed, a strong, normal 
shock was recorded attached to the  blade leading edge. A weak obl ique shock 
system, as per design i n ten t  and i n d i c a t i v e  of  passage s ta r t ing ,  was not devel- 
oped w i t h i n  the blade passage un t i l  92 percent speed was reached. These strong 
bow shock, are, therefore, representative o f  the steep gradients i n  s t a t i c  
pressures recorded throuoh 90 percent of design speed as shown i n  f igs.  30 and 
31. The shock pat terns as detected and included i n  ref. 5 are shown by dashed 
line, superimposed on f ig .  31 for reading 106. Fig. 30, which corresponds t o  a 
lesser back pressure, shows steeper gradients i n  s t a t i c  pressure i n  the leading 
edge region, but these gradients do not in f luence the  complete blade passage as 
fcr  the higher back pressure cond i t ion  shown i n  f ig .  31. 
Tb;s conclusion i s  substantiatea by the  holograms obtained 
The s t a t i c  pressure contours for wide-open t h r o t t l e ,  90 percent of design 
speed presented i n  f ig .  29 from reading 103 show tha t  s t a t i c  pressure gradients 
do not extend upstream of the leading edge, bu t  are contained essen t ia l l y  w i t h i n  
t.ie passage. Holograms were obtained a t  t h i s  condit ion. The shock system and 
t i p  leakage vortex i s  shown superimposed i n  dashed l ines  on the contour p l o t .  
The leading-edge shock i s  seen to be oblique. 
The ro to r  e f f i c i ency  cha rac te r i s t i c  f o r  90 percent o f  design speed was 
previously shwn  (overa l l  performance section) to  decay abruptly from the wide- 
open t h r o t t l e  condi t ion (reading 103) t o  the adjacent back-pressbre condi t ion 
corresponding t o  reading 101 ind ica t ing  the e f f e c t  between "started" and 
'lunstarted" operating conditions. This started-to-unstarted t r a n s i t i o n  i s  f u r -  
ther substantiated by the extension o f  the s t a t i c  pressure gradients a t  the 
leading edge shown on the contour p lo t s  and the holograms recorded a t  t h i s  con- 
d i t i on .  This t r a n s i t i o n  also i s  shown by the large passage-to-passage var ia t ions  
(p r imar i l y  i n  the leading-edge region) o f  the osc i l lograph recordings o f  the 
high-frequency-response transducers over the ro to r  t i p .  
osci l lograph record appears i n  f i g .  26 and was obtained during the t rans ien t  
A po r t i on  of t h i s  
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between wide-open t h r o t t l e  and the next highest back-pressure r c n d i t  ion. The 
peak-to-peak amp1 i tude va r ia t i on  i s  shown t o  vary abrupt 1 
N / c d )  fo r  one passage t o  approximately 16.0 p s i  (11.0 N/cm2) f o r  an adjacent 
passage. This i s  evident in the transducer s ignal  j u s t  inside the  blade  lead- 
ing edge (channel 3) .  
signal  j u s t  upstream o f  the blade leading edge (channel 2). The traces i n  the 
t r a i l  ing-edge region (channels 8, 9 ,  and lo), however, show reasonable passage- 
to-passage repeatab i l i t y .  The t r a n s i t i o n  region was not appraached from the 
low-f l o w  end of  the character i s t  ic  t o  determine hysteresis.  
f ram 4.0 p s i  ( 2 . 8  
A larse va r ia t i on  a l so  can be seen i n  the transducer 
Figs. 32 through 36 are the contours obtained a t  95 percect of design 
speed. Fig. 35 appears t o  be t yp i ca l  o f  the contours obtained a t  t h i s  speed, 
and shows the shock pa t te rn  (dashed 1 i ies)  as determined f rom tcle holograms. 
The obl ique shock a t  the leading edge i s  seen t o  curve sharply as i t  intersects 
the t i p  leakage vortex to become perpendicular t o  the suct ion su r face .  
next domstream shock was determined from re f .  5 to emanate from the m;dspan 
damper and i s  termed as such. The fu r thes t  downstream shock show. i s  i den t i -  
f i e d  as a second damper shock. 
by the midspan damper and, therefore, was not s h m .  The shock system i s  
defined, however, a t  inboard streamlines t o  the midspan danper i n  r e f .  5 .  
The near -s ta l l  data po int  ( reading 119) obtained a t  95 percent o f  design speed 
indicates the progression o f  the contours forward o f  the leading edge, A i c h  
may be i ndi cat  i *re o f  passage unstar t  i ng. 
The 
Any t ra i l ing-edge shock was p a r t i a l l y  obscured 
Stat ic-pressure passage contours a t  design speed are shown i n  f igs.  37 
through 41 i n  order o f  ascending pressure rat io .  
t o  the more open t h r o t t l e  s e t t i n g  contours obtained a t  95 percent o f  design 
speed. 
open t h r o t t l e  i s  superimposed on f ig .  37 (reading 107) i n  dashed l i nes  i nd i ca t i ng  
tha t  the pressure contours do not e x p l i c i t l y  def ine shock fronts. 
edge shock i s  shown a t  the in te rsec t ion  o f  the leading-edge obl ique shock and 
the suct ion surface. Fig. 39, the design stage pressure r a t i o ,  also contains 
the superiwposed shock pat terns derived from ref.  j shown by dashed l ines.  The 
shock system a t  design pressure r a t i o  and speed showed four major shock waves 
(1) a leading edge shock, (2) a midspan damper shock, (3) a second danper 
shock, and (I+) a t r a i l i n g  edge shock. 
along the suct ion surface on the blade. A weak obl ique shock extended from 
the blade leading edge t o  the suct ion surface near the t r a i l i n g  edge a t  the 
outer wall. 
in te rsec t ion  o f  the suct ion surface. 
ob l iquely  and in te rsec t  the blade fu r the r  along the chord away from the t i p  
region. 
the coalescence of the midspan damper and t r a i l i n g  edge shock f r inges as well 
as the t i p  w r t i c e s ;  the leading edge shock became v i s i b l e  outboard o f  the 
midspan damper shock, where i t  in tersected the shock from the midspan damper. 
The midspan damper shock appeared t o  be a con ica l l y  shaped shock emanating from 
the in te rsec t ion  of  the leading edge o f  the midspan damper on the suct ion surface. 
The shock extended across the passage and the forward po r t i on  intersected the 
pressure surface o f  the opposite blade w e l l  forward o f  the midspan damper 
leading edge. 
surface immediately behind the blade leading edge. 
These contours are a1 1 simi l a r  
The shock pa t te rn  obtained from the  hologram at  the condition of nide- 
The t r a i l i n g -  
T i p  leakage vor t ices were a lso seen 
The shock was bent sharply t o  become near ly perpendicular a t  the 
A segment o f  t h i s  shock appeared t o  continue 
Deta i l s  of t h i s  shack near the suct icn surface were obscured, hmever, bv 
The shock extended r a d i a l l y  outward and in tersected the pressure 
The shock extended across 
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the passage and in tersected the suct ion surface of the t r a i l i n g  eoqe near 
the outer w a l l .  Further back i n  the passage, a second damper s h o c k  was 
observed, which emanated from the  in te rsec t ion  o f  the midspan damper and pres- 
sure s ide of the  blede. This shock was a h igh l y  warped surface near ly  co inc id-  
inp w i t n  the midspan danper and t r a i l i n g  edge shock at  the blade t r a i l i n g  edge. 
The t r a i l i n g  edge shock appeared as a s ing le  b r i g h t  f r i n g e  a t  the blade t r a i l i n g  
edge. 
s l i g h t l y  forward o f  the t r a i l i n g  edge. 
of the blade s l i g h t l y  d o v l s t r e m  of the leading edge shock. The four shock 
f ron ts  appeared t o  coalesce near the blade t r a i  1 i ng  edge. 
This shock was s i m i l a r  to the  design t r a i l i n g  edge shock but was displaced 
The shock in tersected the suct ion surface 
P red is to r t i on  Baseline Test 
A d i s t o r t i o n  screen supoort g r i d  was i n s t a l l e d  s t  s t a t i o n  3 ,  ro to r  i n l e t  
tD ta l  pressure rakes e r e  insta l !>d a t  s t a t i o n  5 ,  and the fan  stage was tested 
from wide-open t h r o t t l e  t o  s t a l l  a t  70, 90, and 100 percent of design speed. 
The purpose o f  t h i s  t e s t  was t o  evaluate the ipfluer?ce of the conf igura t ion  
changes 3n overa l l  performance, since i n l e t  t o t a l  pressure was now measured and 
defined a t  s ta t i on  5 ra ther  than a t  s t a t i o n  1 as i t  was f o r  uniform i n l e t  flow. 
A sumnary of the rotor -on ly  and stage ove ra l l  performance data i s  presented 
i n  tab le  2. These data are superinposed on the uniform i n l e t  f low perforname 
charac ter is t i cs  prev ious ly  obtained for  t l ie ro to r  i n  f i g .  42 and fo r  the staqe 
i n  f ig .  43. Conparison of these data w i th  tha t  obtained f o r  uniform i n l e t  f l o w  
showed tha t  repea tab i l i t y  was excel lent. The only uncxplained discrepancy was 
the 1.5 percent higher peak stage e f f i c iency  obtained a t  design speed. 
abrupt decay i n  ro to r  e f f i c i e n c y  from wide-open t h r o t t l e  t o  the adjacent lower 
f low cond i t ion  a t  90 percent o f  design speed was repeated. 
tained f o r  these data, therefore, estab l  ished baseline data fo r  cunparinq 
the resu l t s  o f  d is to r t io r?  test ing. 
The 
The agreement ob- 
Hub-Radially D is to r ted  I n l e t  F l o w  
Series stacking of  annular screens on the d i s t o r t  ion screen support qr i d  
suppressed the inner 40 percent of the ro to r  i n l e t  area producing a. disto;t ion 
index (PmX - )/P 'min max of O.lS8 a t  design flow, which occurred a t  design 
speed. The equivalent i n l e t  t o t a l  pressure spanwise pro f  i l e  obtained i s  shown 
by the lower curve of f i g .  44. 
Rotor and staqe ove ra l l  perfortnance. --The rotor -on ly  and stage overa l l  
These data are data summary w i t h  hub rad ia l  d i s t c r t i o n  appears i n  tab le  3. 
superimposed on the uniform i n l e t  f l o w  performance (dashed 1 ir,es) i n  f i gs .  45 
and 46 for  the ro to r  and stage, respectively. 
obtained versus design equivalent f l o w  r a t  i o  i s  shown i n  f i g .  47. This index 
ianged f rom 0.158 a t  design flow t o  approximately 0.05 a t  60 perceqt of design 
flow. 
design speed, 2.5 percent a t  90 percent of design speed, and 1.5 percent a t  
The level of d i s t o r t i o n  index 
The wide-open t h r o t t l e  flow +reased by 7 percent a t  70 percent of 
18 
design speed. A s ign i fTcant  decay i n  pressure r a t i o  occurred a t  a l l  speeds 
evaluated, resu l t i ng  i n  a f l a t  pressure r a t i o - f l o w  cha rac te r i s t i c  wh,n com- 
pared to tha t  obtained w i t h  uniform i n l e t  flow. A 4.5 po in t  Ics? i n  peak 
e f f i c i e n c y  resul ted a t  design speed and a 6 po in t  loss resu1,ed a t  70 percent 
o f  design speed. 
The s t a l l  l i m i t  l i n e  was improved a* 70 and 90 percena c f  de5ign speed 
over that obtained w i t h  uniform i n l e t  f l o w .  S t a l l  margins ' 3s referenced 
from the constant t h r o t t l e  l i n e  developed w i t h  uniform i n j e t  flow) o f  44.3 
and 50.4 percent were obtained a t  90 percent and 70 percent o design speed, 
respectively. The general character of  the s t a l l  i s  shorn t y  :he high-frequency- 
response s t a l l  probe o s c i l l o g r q h  traces of f i g .  48 fo r  gC percent o f  design 
speed. As for uni form i n l e t  flow, the s t a l l  o r ig ina ted  a t  the  t i p  and pro- 
gressed t o  the  hub. The t y p i c a l  s t a l l  pulse had a frequcnc: of recurrence o f  
6.7 percent of rotor speed and an amplitude of 6 ps i  (4.14 h/an2). 
speed l i n e  s t a l l  flcw was not obtained hawever, because of the onset of  an 
apparent faci 1 i ty - i  nduced ins tab i  1 i t y  characteri  zed by a t e b t  c e l l  acoustic 
resonance. 
configurations. With t h r o t t l i n g ,  the design speed character: j t i c  i ilcreased 
to  a pressure r a t i o  of  1.59. Further t h r o t t l i n g  resu l ted  i n  a f low redvct ion 
ar  constant pressure r a t i o  u n t i l  the f a c i l i t y  i n s t a b i l i t y  was heard. Rotating 
s t a l l  was not detected, and ro to r  blade and s ta to r  vane v ib ra to ry  s t ress leve ls  
remained w i t h i n  acceptable l im i t s .  The v ib ra to ry  s t ress on rhe ro to r  blades 
reached on ly  24.5 ks i  (231.0 x lo6 N/d) and the s ta to r  varaes reached a f luctua-  
t i n g  27.0 & s i  (148.3 x 106 N/d). 
The design 
This phenanenon has been experienced i n  the past w i  t h  simi l a r  t e s t  
Blade element data.--Blade element performance a t  9 rad ia l  p s i t  tons f o r  
hub-radia l ly  d i s t o r t e d  i n l e t  f l o w  i n  terms o f  t a t a l  loss coef f i . . ien t ,  d i f f u s i o n  
factor, and der ;at ion angle versus suct ion surface incidence i s  presented i n  
f i a s .  49a through 49i f o r  the r o t o r  and 50a throuqh 50i  f o r  the s ta to r .  A 
deta i led tablr lat ion of these data w i th  add i t iona l  performance parameters i s  
contained i n  ref. 4. 
Rotor t i p  incidence was approximately 2 deg less than tha t  obtained w i t 9  
uniforr;  i n l e t  flow. Levels of d i f f u s i o n  fac to r  ana dev ia t ion  were s im i la r ,  
however. Design values o f  ro to r  hub incidence w i th  uniform i n l e t  f l ow  ranged 
from 2 deg t o  4 deg less than design values a t  design speed. 
sion fac to rs  exceeded 0.65 (the highest seen i n  the tes t i ng  o f  t h i s  stzge), but 
losses were less than w i t h  uniform i n l e t  f l o w  a t  design speed. A t  design pres- 
sure r a t i o  and speed, the loca l  pressure r a t i o  was higher a t  the hub and lower i n  
the t i p  region, i nd i ca t i ng  tha t  hub-radial d i s t o r t i o n  was over-attenuated i n  
the hub region and ampl i f ied  i n  the top reoion. 
Rotor hub d i f f u -  
Stator end-all h s s e s  were as severe as measured w i t h  uniform i n l e t  flow. 
Measured hub incidence of tbe  s ta to r  exceeded design values by as much as 16 des. 
Tip-Radial l y  Dis tor ted  I n l e t  Flow 
Series stacking of annular screens o f  the same open area r a t i o  JS used f o r  
generating hub-radial d i s t o r t i o n  suppressed the outer  40 percent o f  the r o t o r  
i n l e t  area producicg a d i s t o r t i o n  index (Pmax - Pmin)/Pmax o f  a 153 a t  ci3,ign 
f low and 97 percent o f  design speed. The resu l t i ng  equivalent i n l e t  t o t a l  
pressure spanwise o r o f i l e  i s  shown by the upper curve of f i g .  44. 
Rotor and stage ove ra l l  performance.--The rotor -on ly  and stage ove ra l l  
data summary w i t h  t i p - r a d i a l l y  d i  s tor ted i n l e t  f low appears i n  tab le  4. 
data are superimposed on the uniform i n l e t  f l o w  performance (dashed l ines)  i n  
f ig .  51 for the  rotor and f ig .  52 for the stage. Ths range of d i  s t o r t i o n  index 
obtained versus design equivalent f low r a t i o  i s  shown ' n  f i ? .  47 and i s  i d e n t i -  
c a l  t o  tha t  obtained w i t h  hub-radia l ly  d i s to r ted  i n l e t  flow. The wile-open 
t h r o t t l e  f low a t  design speed decreased by approximately 2 percent fron! tha t  
obtained w i t h  uniform i n l e t  f low, a 2.5 percent f low reduction was recorded a t  
90 percent speed, and v i r t u a l l y  no d i f fe rence was noted a t  70 oercent. A loss 
of 5 po in ts  i n  peak stage e f f i c iency  was evident, both a t  des,gn speed and 
70 percent o f  design speed. The leve l  o f  peak r o t o r  e f f i c i e n c y  a t  9c percent 
o f  design speed vras approximately the t  obtained w i t h  . : i i f -  '1: i n l e t  f l o w ,  but 
stage e f f i c i e n c v  was lower by 3 points ,  i nd i ca t i ng  higher s t a t o r  losses. 
These 
The s t a l l  l i m i t  l i n e  was reduced I'ran t h a t  L . .;ned w i t h  uniform i n l e t  
flow. The s t a l l  margins as referenced from the constant t h r o t t l e  l i n e  devel- 
oped w i t h  uniform i n l e t  f low were 19.4, 12.1, and 13.0 percent a t  100, 90, 
and 70 percent of design speed, respectively. 
of the high-frequency-response s t a l l  probes taken a t  design speed i s  shown 
i n  f ig .  48. The s t a l l  progressed from t i p  t o  hub as w i t h  uniform in !e t  flow. 
The frequency of recurrence of  the  s t a l l  pulse was 6.02 percent of r o t o r  speed. 
This s t a l l  pulse had a pressure amplitude of 9.0 psi  (6.21 N/cm2). The highest 
leve ls  of v 'b ra t  r y  s t ress measured w i t h  t i p - r a d i a l  d i s t o r t i o n  w r e  f 
the s ta to r  vanes, which occurred a t  design speed j u s t  p r i o r  to  s t a l l .  
leve ls  were less than tha t  seen dur ing hub-radial d i s t o r t i o n  test ing.  
A t yp i ca l  osc i l lograph t race  
(220.7 x 10 k S  N/m ) f o r  the rotor b!ades and &.5 k s i  (231.0 x 10 % N/ & ) ksi f o r  
These 
Blade element data.--Blade element perfo;mance a t  9 rad ia l  pos i t ions  f o r  
t i p - r a d i a l l y  d i s to r ted  i n l e t  f low i n  terms o f  t o t a l  loss c o e f f i c i e n t .  d i f f u s i o n  
factor, and-deviat ion angle versus suct ion surface incidence angle i s  shown i n  
f igs.  53a through 53i fo r  the r o t o r  and %a through si for  the s ta to r .  These 
data and add i t iona l  performance parameters a re  tabulated i n  ref. 4. 
Rotor incidence angles \ e r e  about 3 deg higher i n  the t i p  region and 3 deg 
lower adjacent t o  the  hub than the angles obtained w i t h  uniforrn i n l e t  f low.  
Stator incidence angles, however, were approximately the same, f o r  comparable 
speeds, as seen dur ing uniform i n l e t  f low tes t ing .  
loss, and loading throughout the span for both r o t o r  and s t a t o r  are not appreci- 
ably 0 1  f f e ren t  that  were seen w i  t h  uniform i n l e t  f l o w .  
r a t i o  and speed, the  loca l  pressure r a t i o  was higher at  the t i p ,  whereas the 
hub pressure r a t i o  was l o w r ,  I nd i ca t i ng  tha t  t i p - r e d i a l  d i s t o r t i o n  was over- 
attenuated a t  the t i p  and ampl i f ied a t  the hub. 
The leve ls  o f  dev iat ion,  
A t  design pressure 
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Circumferent ia l ly  D is to r ted  I n l e t  Flow 
A 100-degree, fu l l -span screep segment o f  the i den t i ca l  arrangement and 
open area r a t i o  as prev ious ly  used f o r  rad ia l  d i s t o r t i o n  tes t i ng  suppressed 
approximately 90 degrees o f  the ro to r  i n l e t  measuring plane and produced a 
d i s t o r t i o n  index o f  0.138 a t  design speed and flow. 
Staqe ove ra l l  performance.--A stage ove ra l l  data sumnary f o r  70, 90, ana 
100 percent o f  desigc speed i s  presented i n  tab le  5 f o r  c i rcumferent ia l  dis- 
tor t ion.  
(dashed l ines)  i n  f ig .  55. The leve l  o f  d i s t o r t i o n  index obtained versus design 
equivalent f low r a t i o  appears i n  f ig .  47, i nd ica t ing  tha t  a d i s t o r t i o n  leve l  
range from 0.147 a t  102 percent o f  design flow t o  0.050 a t  64 percent o f  design 
f low was covered. These d i s t o r t i o n  l eve l s  were lower than those r e s u l t i n g  from 
rad ia l  d is to r t ion .  The f low a t  wide-open t h r o t t l e  was reduced by approximately 
2 percent a t  a l l  speeds from t h a t  obtained w i t h  uniform i n l e t  f low.  
peak e f f i c i ency  loss a lso  resu l ted  a t  a l l  speeds evaluated. 
These data are superimposed on the uniform i n l e t  f l o w  performance 
A 3-point 
The s t a l l  l i m i t  l i n e  w i th  c i r cumfe ren t ia l l y  d i s to r ted  i n l e t  flow was 
reduced from that  obtained w i t h  uniform i n l e t  flow, but not as severely as tha t  
obtained w i t h  t i p - r a d i a l  d i s to r t i on .  
the constant t h r o t t l e  l i n e  developed w i t h  uniform i n l e t  f low were 19.7, 20.9, 
and 27.9 percent a t  100, 90, a.*d 70 percent design speed, respectively. Fig. 
48 shows a t yp i ca l  osc i l lograph t race  of the  s t a l l  instrumentation f o r  design 
speed. The s t a l l  o r i g ina ted  in the  t i p  region w i t h  a s t a l l  pulse o f  6.0 per- 
cent o f  ro to r  speed and a pressure amp1 i tude o f  12 p s i  (8.27 N/cm2), higher 
than was seen during a l l  other test ing.  This design speed s t a l l  a l so  resul ted 
i n  the highest v ib ra to ry  stresses measured on the ro to r  of f3.0 ks i  (t137.9 x 
lo6  N / d ) .  
(31 . O  x lo6 N/m2). 
The s t a l l  margins as referenced from 
The s ta to r  v ib ra to ry  s t ress leve l  remained low, however, a t  t4.5 ksi 
C i rcumfe ren t  i a 1 va r i a t  ions o f  flow d i s t r i but  ion parameters. --Typ i ca 1 hub 
ana shroud wa l l  s t a t i c  pressure. c i rcumferent ia l  d i s t r i b u t i o n s  a t  f i v e  a x i a l  
s ta t ions  between the d i s t o r t i o n  screen and ro to r  i n l e t  planes are shown i n  
f ig .  56 f o r  design speed (reading 284), wherein a s t a t i c  pressure decay behind 
the screen i s  indicated a t  a l l  a x i a l  planes. Fig. 57 shows the t o t a l  pressure 
d l s t r i b u t i o n  a t  design speed f o r  10, 47, and 90 percent o f  span obtained a t  the 
ro to r  i n l e t ,  ro to r  e x i t ,  and stage e x i t  measuring planes. A t  design speed, the 
e x i t  pressure d i s t o r t i o n  was ampl i f ied i n  the hub region, but attenuated i n  
the midspan and t i p  regions. Only a small spanwise gradient i n  s t a t i c  pressure 
ex i s t s  a t  the stage e x i t  plane as seen i n  f i g .  58. The c i rcumferent ia l  d i s t r i -  
butions o f  absolute Mach number r e s u l t i n g  from the s t a t i c  and t o t a l  pressure 
d i s t r i b u t i o n s  i s  shown i n  f i g .  59. A s i g n i f i c a n t  feature i s  the low value o f  
Mach number a t  the screen center l ine  adjacent t o  the hub a t  the stage e x i t  plane. 
The stage e x i t  t o t a l  temperature c i rcumferent ia l  d i s t r i b u t i o n  obtained 
from f i xed  instrumentation i s  presented i n  f i g .  60 fo r  design speed data po in t  
reading 284.  Fig. 61 presents the absolute ve loc i t y  d i s t r i b u t i o n  showing the 
low value near the hub a t  s t a t i o n  12. 
d i s t r i b u t i o n s  at  the ro to r  i n l e t  and e x i t  plbne f o r  t h i s  design speed reading. 
Fig. 62 presents the measured f l ow  angle 
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Rotor i n l e t  p reswi r l  ( pos i t i ve  angles i n  the d i r e c t i o n  o f  ro to r  ro ta t i on )  i s  
created from 180 through 360 deg (viewed e f t  looking forward), whi l e  counter- 
swi r l  i s  created from zero t o  180 deg. A lO-deg er ro r ,  suspected t o  be due t o  
an o f fse t  dur ing c a l i b r a t i o n  i n  ro to r  i n l e t  angle, was experienced. 
changes are, hawever, consistent w i t h  those o f  the other  two imnersions. f i g .  63 
presents the c i rcumferent ia l  d i s t r i b u t i o n  of r o t o r  i n l e t  and r o t o r  e x i t  a x i a l  
ve loc i t y  for  reading 284, which r e f l e c t s  what was previously seen i n  the d i s t r i -  
butions of  absolute Mach number and absolute ve loc i ty .  
The angle- 
Design speed c i rcumferent ia l  o i s t r i b u t i o n s  o f  r e l a t i v e  Mach number, 
r e l a t i v e  ve loc i ty ,  and r e l a t i v e  f l ow  angle a t  the ro to r  i n l e t  and e x i t  planes 
fo r  10, 47, and 90 percent span from the t i p  are presented i n  f i gs .  64, 65, 
and 66. 
sevzre i n  the streamline adjacent t o  the hub than i n  the midspan and t i p  
regions. Tabulat ions o f  addi t ional  data showing c i rcumferent ia l  var ia t ions  
o f  f low d i s t r i b u t i o n  parameters are presented i n  ref. 4. 
The inf luence o f  the screen on these r e l a t i v e  parameters i s  more 
22 
With uniform i n l e t  flow, the fan staqe produced a peak e f f i c i ency  o f  
The design stage e f f i c i e n c y  goal o f  
84 percent a t  the design t i p  speed o f  1600 f t / sec  (488.6 m/sec), but a higher-  
than-design flow and pressure r a t i o .  
86 percent was obtained a t  the design s p e c i f i c  f:c4 c f  42 Ib /sec- f t2  (205.1 kgm/ 
sec-m2), but a t  a pressure r a t i o  o f  1.6 instead of 1-5, and only 95 percent of 
design speed. 
and pressure ra t i o .  
A s t a l l  margin of  24 percemt was achieved a t  the design speed 
The r o t o r  blade sections in the outboard, supersonic region exceeded 
des ign e f f i c i e n c y  levels, thereby substant ia t ing the method o f  character i s t  ics 
des ign procedure and the assumpt ion o f  ob1 ique shocks. 
adjacent t o  the hub, however, were moderately de f i c ien t  because aesign incidence 
was not achieved. I n l e t  f l o w  was s h i f t e d  toward the hub resu l t i ng  i n  ro to r  
hub incidences considerably less than design. The s l  nr vane incurred large 
end-wal 1 losses , thereby preventing the stage from reaming the e f f  i c  iency 
goal a t  design speed. 
The subson i c  sect ions 
The t r a n s i t i o n  between rotar-t ip-passage “started‘@ and “unstarted’  
operat ing modes was seen t o  occur as low as 90 percent o f  design speed, 
wherein an abrupt decay i n  r o t o r  e f f i c i e n c y  was obtained from wide-open 
t h r o t t l e  w i th  on ly  a small increase i n  back pressure. 
frequency-response instrumentation over the ro to r  t i p s  and from holograms 
obtained under separate contract  a lso substant iate t h i s  minimum speed o f  
t r sns i t i on .  The highest speed a t  which the passage was seen t o  uns tar t  was 
a t  95 percent o f  design speed, near s t a l l ,  as indicated by the ro to r  t i p  
high-f  requency-response data. 
obl ique and attached for tne s ta r ted  condi t ion and detached and near normal 
t o  the passage f o r  the unstarted condit ion. 
Data from the high- 
Holograms show the  leading-edge shock t o  be 
Holograms taken a t  and near design speed show not on ly  the leadinyedge 
and t ra i l ing-edge shocks tha t  were considered in the design o f  thc ran stage, 
but also a conical  shock emanating from the in tersect ion of the midspan damper 
leading edge and blade suct ion surface and a second damper shock, ne i ther  o f  
which were cons idered i n  the design analysis. Some of the  h igh  losses in the 
midspan damper region may be due t o  t h i s  shock system. 
The s t a l l  1 i m i t  1 ine was reduced by both t ip- rad ia l  and c i rcumferent ia l  
i n l e t  d i s to r t i on .  
and peak e f f i c i e n c y  leve l  resul ted from a l l  types o f  d i s t o r t i o n  tested. 
Reduction in wide-open t h r o t t l e  flow, s t a l l  pressure r a t i o ,  
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C i  rcumferentiai 0.4: 
locat ion\; 
28- B 1 ade n u h e r  
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Figure 13. --Effect o f  Vane Stagger Settings on Stage Perforrance. 
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Figure 18.--Rotor P l i j e  Element Performance, Uniform I n l e t  Flow. 
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Figure 20.--Stator Vane Element Performance, Uniform I n l e t  Flow. 
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Figure 46.--Stage Performance, Hub-Radial D is tor t  ion. 
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Figure 48.-Distorted I n l e t  Flow S t a l l  Oscillograph Traces. 
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Figure 51 .--Rotor Performance, Tip-Radial Distorticn. 
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Figure 59.--Circumferential D i s t r i b u t i o n  o f  Absolute Mach Number a t  Design 
Speed w i t n  Circumferential  I n l e t  D is tor t ion .  
133 
1 1 1 I 1 






















I I I 1 I 1 1 I 
) 220 260 300 340 20 60 100 140 I or) 
R 8 I a t l V 8  scr84n 8n916. 8. .  dag 
5-81802 
I 
Figure 61 .--Circumferential Dist r ibut ion of Absolute Mach Number a t  Design 
Speed with  CircumYerential I n l e t  Distor t ion.  
O 
n 
Figure bii.--circumterentiai o rs t r ibut ron  or msoiuce r iow m s i e  a t  uesign 






1 . e  
1 . c  
1.4 
1 . 2  
1 . a  
0.8 
1 . 2  
1 .o 
0.8 
0 . 6  
0.4 
220 260 3 00 20 60 100 140 
Robtlve icrwn mglo,  b,, dog 
s-81 na 
Figure 64,--Circumferential D is t r ibut ion  o f  Re la t ive  Mach Number a t  Design 
Speed wi th  Circumferential I n l e t  D i s t o r t i o n ,  
1 ao 
If10 










1 2 c  
1 1 ot 
J 
Relative screen angle, Bs. dag 5-61800 
Figure 65.--Circumferential Distribution of Relative Velocity at Design 
Speed wi th  C'rcumferential fnlet Distortlon. 
139 
0 -.a - 
0 
- 3  - 
0 




REDES IGNEO ROTOR FOR TRANSOM IC FAN STAGE 
fne o r i g i n a l  design de ta i led  in re f .  1 exh ib i ted  an aerodynmic i n s t a b i l i t y  
phenomenon ( f l u t t e r ) ,  which resul ted ;P high cycle fa t igue f a i l u r e  o f  the m i d -  
span dampers during i n i t i a l  tes t ing  t o  110 percent o f  design speed. The f l u t t e r  
phenomenon was conclirded t o  be a c w p l z d  bending-torsian mode i n s t a b i l i t y .  
The p e r f o m n c e  data obtained a t  des ign speed tram tk , is  t e s t  were encouraging, 
and i t  was f e l t  tha t  modi f icat ions t o  the midrpan dampers (thickness, contact 
angle, and contact surface shape) wooid be s u f f i c i e n t  t o  re1 ieve the s t r u c t u r a l  
problem. However, t o  f u r t h e r  ensure s t r u c t u r a l  i n t e g r i t y  o f  the redesigned 
ro to r  without s c c r i f i c i n g  the o r i g i n a l  aerWynamic features, the tors ional  
f l u t t e r  parameter was increased by th ickening blade sect ions immediately adjacent 
t o  the damper. 
Aerodynamic 
The redesign of the r o t o r  fc l lowed the procedures de ta i led  i n  ref .  1, 
which ccns is t  o f  sequential running of the axisymnetric stream fi lament tom- 
puter program f o r  v e l o c i t y  diagrams the blade design ca lcu la t ion  program f o r  
blade sections on conical  surfaces, and the blade stacking program f o r  d e f i n i -  
t i o n  o f  sections * n  c y l i n d r i c a l  surface tangent planes. The o r i g i n a l  stage 
design object ives *re retaiped. 
Overal i t o t a l  pressur4 r a t  i o  1 . 5  
42 1 b/sec-f t (205.1 kSm/s*c-m ) 2 2 Fiow per u n i t  annulus area 
Equivalent t o t a  1 f 1 ow 148 Ib/sec (67.1 kgm/rec) 
Equivt lent  t i p  speed 1600 f t /sec (488.6 m/sec) 
Equ i va 1 en t  speed 
Adiabatic e f f  i c  iency 
12 781 rpm (1338.4 rad/sec) 
86 percent 
c 
Also retained from the o r i g i n a l  design werq the flow path. streamline work and 
loss d is t r ibu t ions ,  numbar blades, and apprcximately the same s o l i d i t y  d i s -  
t r i b u t i c n  and aspect r a t i o .  
metr ic stream f i lament coqwter  program t o  r e f l e c t  the lade thickness d i s t f i -  
but ion of f i g .  A-1 as d ic ta ted  by mechonlcal design requirenients. The r e s u l t i n g  
v e l o c i t i e s  and angles a t  the blade i n l e t  and o u t l e t  arz  shown i n  tsb le  A-1 as a 
funct ion of  streamline number. Thr? incidence angle rules used for the o r i g i n a l  
design were maintained f o r  the sup .sonic and transonic region of  the redesigned 
blade. The incidecce angles of the sabsoric (inboard) sections of  the or ig !na l  
bl.-de were thought t o  be low, however, and Werc increased f o r  the redesigq. 
The dev iat ion ru les appl ied t o  the redes;qned blade were the  sane as those used 
f o r  the o r i g i n a l  blade. The resu l t ing  incide-Ice angles, dev iat ion angles, and 
Carter 's r u l e  add i t i ve  are tabulated in  tab le  A - I .  
?he redesigr! was i n i t i a t e d  by rev is ing  the axisym- 
141 
The blatie design program does not provide a precise quant; t ive d e f i n i t i o n  
of the input changes required t o  generate a blade o f  the desired thickness. 
The e f f e c t  ive, ava i lab le  methods o f  implementing t h  ickcess changes required 
an increase in both the leading and t r a i l i n g  edge r a d i i  as shown in  f i g .  A-2 ,  
coupled w i th  an increase i n  t r a i l i -  edge shock strength v i a  the spec i f i ca t i on  
of  an increase in 0-shock ( the t r a i l i n g  edge shock strength minus the leading 
edge shock strength) as shown i n  f i g .  A-3. the  resu l t i ng  conical  developments 
fo r  t yp i ca l  streamlines 1, 3, 5 ,  7, and 12 are shown i n  f i g .  A-4. 
i s  the c losest  streern1lr.e t o  the midnpan danper and i s  where the greatest 
increase i n  thickness from the o r i g i n a l  design was required. 
Streamline 5 
The 12 conical  blade sections resu l t i ng  from the blade design program 
were then used t o  es tab l i sh  the 14 manufacturing sect ion coordinates as 
described i n  the  paragraphs tha t  fo l low. 
Mechanical 
A geometric cumnary of  the redesigned ro to r  blade i s  presented i n  tab le  
A-2. The r o t o r  a i r f o i l  coordinates of the resu l t i ng  14 r o t o r  blade sections 
incorporat ing both ax ia l  and tangent ia l  t i l t  and allowance f o r  blade un tw is t  
are presented i n  tab le  A-3. 
by tke in te rsec t ion  of the blade w i t h  planes tangent t o  the c y l i n d r i c a l  sur- 
faces. A t yp i ca l  sect ion i s  presented i n  f i g .  A-5. The mater ia ls  seiected fo r  
the c r i t i c a l  components have not changed ftom the o r i g i n a l  design. 
blade and d isc  mater ia l  i s  Ti-6AI-kV (AMs 4928). and the s ta to r  vant mater ia l  
i s  17-4 PH (&IS 5643). 
The coordinates are plane blade sections defined 
The fan 
The fan b!ade thickness was increased by approximately 45 percent a t  the 
midspan damper t o  increase the blade natura l  frequency, thereby ra i s iTg  the 
f l u t t e r  parameter t o  B more s tab le regime. Both to rs iona l  f l u t t e r  and coupled 
f lexura l  to rs iona l  f l u t t e r  modes were examined. Fig. A-6 shows the to rs iona l  
f l u t t e r  parameter (qCT/V t )  versus ro to r  speed fo r  the o r i g i n a l  and redesigned 
blade, where q i s  the tors ional  natura l  frequency, CT i s  the blade t i p  chord 
and I s  the r e l a t i v e  f l u i d  ve loc i t y  a t  the blade t i p .  The redesigned blade 
shows a b5 percent increase i n  the to rs iona l  f l u t t e r  parameter over the o r i g i -  
nal. From an analysis o f  the data obtained w i th  the o r i g i n a l  ro to r  blade, the 
threshold of  f l u t t e r ,  as indicsted i n  f i g .  A - 6 ,  was thought t o  occur a t  approxi- 
matety 93 percent of  desisn speed. A t  110 percent o f  design speed, the rede- 
signed blade has a 20 percent margin over the value o f  the f l u t t e r  parameter a t  
which the o r i g i n a l  blade f l u t t e r e d  a t  93 percent of design speed. 
s t a b i l i t y  c r i t e r i a  establ ished i n  re f .  7 i s  shown i n  f i g .  A-7. 
theoret ica l  approach ou t l ined  i n  Ref. 7, the s t a b i l i t y  boundary was located 
based on the resu l ts  of the o r i g i n a l  test .  
f l u t t e r  parameter ( V ~ / C T  fB) ( a r b i t r a r y  scale) with the r o t a t  ion- to- t rans lat  ion 
r a t  i o  ; ~ T C T / ~ ~ T )  for  both the or i g i n a l  and redes igned blade, where f B  i s  the 
f i r s t  f lexure natura l  frequency of the blade, 
( t rans la t ion)  of  the blade t i p  midchord point  i n  the f i r s t  f lexura l  mode, and 
$7 i s  the r e l a t i v e  angular de f lec t ion  o f  the blade t i p  in the f i r s t  f l exu ra l  
mode. 
A f l u t t e r  parameter for  coupled f lexura l - to rs iona l  f l u t t e r ,  based on the 
Using the 
Fig. A-7 compares t h i s  coupled 
i s  the r e l a t i v e  de f l ec t i on  
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The recesigned blade i s  wel l  w i t h i n  the s tab le region and should be 
ae roe las t i ce l l y  stable, w i th  respect t o  t h i s  mode of f l u t t e r ,  over the operating 
speed riinge. 
The blade natura l  frequencies were ca lcu lated using a f i n i t e  ele! 2nt pro- 
gram i n  which the blade i s  modeled as a curved var iab le thickness p la te.  The 
blade was assumed t o  be b u i l t - i n  ( c lawed  a t  the root and supported i n  the 
a x i a l  and tangent ia l  d i rec t ions  a t  the midspan damper. The damper i s  assumed 
t o  be locked up a t  zero speed for  nominal blade dimensions. The f i r s t  three 
natura l  frequencies are shown as a func t ion  o f  ro to r  speed on the e x c i t a t i o n  
diagram given i n  f i g .  A-8. 
opera t i ng range. 
No serious resonant condit ions are shown ir, the 
The f i r s t  three mode shapes a t  zero speed are shown i n  f i g .  A-9. The 
loca t ion  o f  the maximum v ib ra to ry  stress i n  each mode, as wll as the r e l a t i v e  
values ( i n  percent) o f  the v ib ra to ry  s t ress a t  other c r i t i c a l  p i n t s ,  a l so  are 
shown . 
Fig. A-10 i s  a modif ied Goodman diagram showing the al lowable v ib ra to ry  
stress as a func t ion  o f  steady stress. The al lowable v ib ra to ry  s t ress i s  50 
The a i r f o i l  mid-chord a t  the 
midspan damper has been chosen as a c r i t i c a l  po in t  f o r  v ib ra to ry  s t r e  s. The 
al lowable v ib ra to ry  s t ress a t  t h i s  loca t ion  i s  530 k s i  (207 x 10 6 3  N/m ) a t  
des ign speed. 
percent of the 10 7 cyc le  endurance strength. 
The a i r f o i l  was t i l t e d  0.010 in./ in. (cm/cm) i n  the tangent ia l  d i r e c t i o n  
and 0.0035 in./in. (cm/cm) i n  the a x i a l  d i r e c t i o n  t o  a l l ow  cen t r i f uga l  loads t o  
counteract the aerodynamic loadb. The a i r f o i l  suct ion and pressure surface 
design speed st ress d i s t r i b u t i o n s  due t o  cen t r i f uga l ,  untwis t ,  and aerodynaric 
loads are shown i n  f ig .  A-11. The steady stresses a t  110 percent speed w i l l  be 
1.21 times those shown. Thus, the maximun equivalent ca lcu lated a i r f o i l  s t ress 
a t  110 percent speed i s  78.6 k s i  (543 x 106 N/mZ). 
The a i r f o i l  w i l l  untwis t  due t o  both cet.;rtfugal and aerodynanic loads. 
The untwis t  versus radius a t  the design po in t  i s  shown i n  f i g .  A-12. The untwis t  
a t  the midspan damper i s  approximately 0.5 deg. The nominal midspan danper 
blade-to-blade spacing w i l l  increase w i t h  speed and thcrcby a l low thz  midspa? 
damper t o  untwis t  the 0.5 deg a t  design speed. 
The midspan damper s t ress d i s t r i b u t i o n  i s  shown i n  f i g .  A-13. The rede- 
signed damper has a smaller i n te r face  angle (15 deg) al-d has no g r ind  r e l i e f  
notch, which was the o r i g r n  of  f a i l u r e  on the  o r j g i n a l  blade. 
midspan damper equivalent s t ress i s  80 ks i  (551 x 106 N/d) and i s  very local ized. 
T h i s  stress i s  s l i g h t l y  less than the allowable 82 ks i  (566 x 106 N/&). 
The maximum 
The d isc  stresses w i t h  the redesigned blade are s l i g h t l y  higher than those 
i n  the o r i g i n a l  design because of the small increase i n  blade weight. The d isc  
tangential and rad ia l  stresses a t  c r i t i c a l  locations a t  110 percent design speed 
are l i s t e d  on the next page. 
1 43 
Ca 1 t u  l a ted  Stress A I  lowable Stress 
Locat ion Type of Stress K s i  (N/m2) ICs i (N/m2) 
D is; Avg. tar igent ia l  67.6 (465 x lo6) 67.5 (465 x 10 ) 
Bore Max. tangent ia l  88.0 (4@? x lo4! 91.0 (926 x lo6) 
6 
Web Max. r a d i a l  32.9 (207 x lo6) 85.5 (590 x 10 ) 
6 
The bore and web stresses are  w i t h i n  +he al lowables.  The a..-rage tangent ia l  
s t ress  i s  equal t o  the al lowable,  i n d i c a - l n g  the  bu rs t  c r i t e r i a  nas J U S :  been 
met. 
The minimum shedding speeds f o r  the a i r f o i l  and dokp ta i l  were determinea 
using 90 percent of  the minimum na tu ra l  u l t i m a t e  s t ress  a t  the maximum tempera- 
tu re  condi t  i w s .  
Blade c i r f o i l  I8 090 rpm (1892 rad isec)  
Blade shanh 21 900 rpm (2295 rad/sec) 
Disc shank 17 800 rpm (1864 rad/sec) 
Disc burs t  17  600 rpm (18k3 rad/sec) 
The minimum burs t  and shedding speed i s  17 600 rpm (1843.1 rad/sec), 
which i s  138 percent o f  t he  design speed. 
The dove ta i l  stresses in  the blade and d i sc  i i r e  s l i g h t l y  h igher  than those 
of the o r i g i n a l  design because of the heavier  a i r f o i l  and midspan damper on the 
redesigned blade. The neck, tang, and combined stresses a t  110 percent speed 
are 1 i s ted  i n  tab le  A-4 along wi t ) :  the a l lowable stresses. AI; margins of 
safety  are pos i t i ve .  The combined f i l l e t  s t ress  i s  2 combinat ion of  tang bend- 
ing and neck tension, excluding the s t ress  concentrat ion e f f e c t s .  The maximum 
f i l l e t  s t ress ,  which determines the low-cycle f a t i g u e  l i f e  of the attachment, 
includes the s t ress  concentrat ion fac to r .  A l l  ca lcu la ted  stresses show a posi- 
t ive margin of safety .  
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Figure A-3.0-Rotor Blade Trailing-Edge Shock Strenqth Minus 
Leading-Edge Shock Strength. 
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Figure A-4.--Rotor B l a h  Conical Development. 
1.00 i n .  (2.54 cm) 
X-Ax i s 
h 
Stacking point \ 
Figure A-5.--Typical Rotor Blade Section. 
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Figure A - 7 . - - F m  Blade Coupled Flexural -Torsional F l u t t e r  Parameter. 
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-Calculated frequencies with blade clamped 
a t  root and suppvrted a t  p a r t  span 
0 5000 10 OCO 
S?eed, rpm 
15 000 
Speed, iad/sac S-81163 




















































































































i o  j ~ 9 . 0  106) 
20 (137.9 x lo6) 
20 (137.9 x 106) 
30 (206.9 x lo6) 
40 (275.8 x IO6) 
(344.8 x lo6) 
IF+ Pressure ride 
30 (206.9 x 10') 
40 (275.8 x lo6) 
50 ( * . E  x 106) 
55 (397.2 x IO6), 
60 (413.7 x 106)J 
65 (I-b.8 x lo6) 
(34.5 x 106) 
2 Stresses i n  ks i  (N/m j 
N = 12  800 rpm (1140.5 rrdlsec) 
lbradynmfc deslgn point lords included 
( 1 00%) 
Suction side 
C k .  
Figure A-11 .--Fan Blade Equivalent Steady Stress D is t r ibut ion .  
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SYMBOLS AND PERFOMANCE PARAHEiER D€FI NI TlONS 
Symbo 1 s 
aspect r a t i o  
chord, in. (cm) 
blade t i p  chord, in. (cm) 
d i f f u s i o n  f a c t o r  
T.E. shock s t reng th  - L.E. shock s t rength,  deg 
( ‘Tmax - ‘Tm i n) “Tmax d i s t o r t i o n  index, 
f i r s t  f l e x u r e  na tura l  frequency, Hz 
r e l a t i v e  d e f l e c t i o n  ( t r a n s l a t i o n )  o f  t h e  blade t i p  mid-chord p c i n t  
i n  the f i r s t  f l e x u r a l  mode 
incidence angle, angle between i n l e t  a i r  d i r e c t i o n  and l i n e  tangent 
t o  blade or vane 6t  leading edge, deg 
Hach number 
r o t a t i o n a l  speed, rpm (rad/sec) 
t o t a l  pressure, p s i a  (N/un ) 
s t a t i c  pressure, p s i a  (N/&) 
2 
raaius,  in. (cm) 
s t reaml ine number 
s t a l l  margin, percent 
t o t a l  t w i e r a t u r e ,  OR (OK) 
s t a t i c  temperature, OR (OK) 
bl i ide maximum thickness, in.  (cm) 
r o t o r  speed, f t / s e c  ( d s e c )  
a i r  v e l o c i t y ,  f t / s e c  (m/sec) 
r e l a t i v e  f l u i d  v e l o c l t y  a t  blade t i p ,  f t / s e c  (m/sec) 
m i g h t  f l o w  rate, Ibm/sec (kg/sec) 
Carter 's r u l e  a d d i t i v e  t o  dev ia t ion  angle, deg 
a x i a l  distance, in. (cm) - -. 
a i  r angle lcot - ' !  Vm/Ve)], deg 
metal angle on conic.31 surface between tangent t o  mean cainber l i n e  
and a x i a l  d i r e c t i o n  a t  leading and t r a i l i n g  edge. deg 
stagger o r  chord angle, angle between a chord l i n e  and 
d i r e c t i o n  (measured i n  a plane p a r a l l e l  t o  Z-axis), deg 
t a x i a l  
camber o r  tu rn ing  angle, deg 
r a t i o  o f  s p e c i f i c  heats f o r  a i r  
r a t i o  o f  mass avera e i n l e t  t o t a l  pressure t o  stsndard pressitre 
o f  14.696 ps ia  (10. 3 33 N/c&) 
dev iat i i in  angle, angle between e x i t  a i r  d i r e c t i o n  and tangent t o  
blade mean camber 1 ine  a t  t ra i I ing edge, deg 
e f f i c iency ,  percent 
r a t i o  o f  i n l e t  t o t a l  temperature t o  standard temperature o f  518.69'R 
(288.16'K) 
c i  rcumferei i t ia l  d i s t o r t i o n  screen r e l a t i v e  angle, deg 
s o l i d i t y ,  r a t i o  o f  chord t o  spacing 
angle between tangent t o  s t rean l ine  pro jected on meridioriai plane and 
ax ia l  d i rect ion,  deg 
r e l a t i v e  angular de f l ec t i on  o f  blade t i p  i n  f i r s t  f l exu ra l  mode, rad 
t o t a l  pressure loss i o e f f i c i e n t  
blade t i p  to rs iona l  natura l  frequency, Hz 
Supersc r i p t s : 
I r e l a t i v e  to moving blades 
-1. designates blade metal angle 
Subscripts: 
ad adiabat ic  





















I O  
I I  
12 




mean camber 1 i ne 
minimum 
po ly t rog i  c 
radial d i r e c t i o n  
suct ion surface 
denotes stagnation condi t ions 
t r a i l i n g  edge 
a x i a l  d i r e c t i o n  
tangent ia l  component 
i n l e t  bel lmouth screen plane 
bellmouth instrumentation plane 
r o t o r  i n l e t  instrumentation plane 
rotor i n l e t  t raverse plane 
r o t o r  leading edge 
r o t o r  t r a i l i n g  edge 
ro to r  e x i t  t raverse plane 
s t a t o r  leading edge 
s t a t o r  t r a i  I ing edge 
stage e x i t  plane 
Performance Parameter D e f i n i t i o n s  
incidence angle based on mean camber l i n e  
( ro to r )  
( s t a t o r )  
177 
6’ deviat ion 
0 
= 8 8  - 
b o  = B , ,  - ey, 
d i f f u s i o n  fac tor  
D =  I - - +  
9 3  
loss coef f ic ient  
a = upstream tctal acoustic ve loc i ty  01 and 
- p l o  - p H  
P I 0  - P I 0  o ) =  
loss parameter 
G cos B ’  8 
2a 
ii cos 9 I ,  
a3 
( rotor)  
( s t a t o r )  
( rotor)  
( s t a t o r )  
( rotor)  
( s t a t o r )  
( rotor)  





‘ad adi abat i c efficiency 







SM s t a l l  margin 
s t a l l  
~ / l \ r e  = constant 
SM = 
po in t  
For absolute values o f  s t a l l  margin, the reference po in t  a t  any speed 
and i n l e t  f l ow  zondi t ion (whether uniform o r  d is to r ted)  i s  defined as 
the i n te rsec t i on  o f  a p a r t i c u l a r  speed l i n e  w i t h  the constant t h r o t t l e  
l i n e  passing through design pressure r a t i o  a t  design speed obtained 
w i  th ulyi form i n l e t  flow. 
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